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Abstract 
ABSTRACT 
Environmentally friendly polymer electrolyte membrane fuel cells (PEMFCs) have the 
potential to revolutionise mobile power sources. One of the more promising PEMFC 
candidates is the direct methanol fuel cell (DMFC). Significant commercial interest 
has been expressed in the DMFC as a consequence of it becoming a possible 
replacement technology for batteries and internal combustion engines. The DMFC is 
a simple system that utilises liquid fuel and which requires minimal ancil lary 
equipment, and hence are more suited to the logistics of portable and vehicular 
applications than hydrogen fuel cells. However, significant technological challenges 
remain that must be addressed prior to the DMFC becoming more commercially 
exploitable. These challenges include improving the poor anode kinetics of methanol 
oxidation and reducing methanol crossover. 
To aid the understanding of the various factors limiting the widespread application of 
the DMFC, the statistical method of design of experiments was applied. A fractional 
factorial design was implemented to understand the main effects and interactions of 
a number of operating parameters on the overall performance of the DMFC, in which 
the effect of the crossover of methanol through the membrane was considered. The 
statistical models developed facilitated the detection of key two-factor interactions of 
temperature with methanol concentration, type of oxidant and cathode back 
pressure, which suggested that an improvement in DMFC performance was 
achievable by reducing the effect of methanol crossover.,. Based on the outcomes of 
the parametric study, response surface methodology was applied to optimise catalyst 
layer formulation. The response surface method highlighted the significance of high 
catalyst loading and the non-linear behaviour of the Nafion@ content. Furthermore, 
the advantage of adding PTFE in the anode catalyst formulation, to make the anode 
morphology favourable for carbon dioxide gas evolution, was demonstrated. 
Steady state semi empirical models for the anode based on methanol oxidation 
kinetics and cathode considering the effect of methanol crossover through the 
membrane were also developed. The kinetic models for the anode illustrated the 
significance of water and surface intermediates in the methanol oxidation reaction on 
a dual site Pt-Ru catalyst and highlighted the subtle balance between the methanol 
adsorption-dehydrogenation step and the subsequent oxidative removal step. The 
Abstract 
cathode model developed provided insight into the effect of methanol crossover on 
the cathode open circuit potential and helped in reliable estimation of the cathode 
polarisation curve. Finally a combination of these two models was used in the 
prediction of the cell polarisation characteristic as a function of cell potential, 
temperature and amount of methanol crossed over through the membrane. 
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Chapter I 
INTRODUCTION 
I. I. Fuelling the Future 
"World marketed energy consumption is projected to increase by 57% from 2004 to 
2030. Total energy demand in the non-Organization for Economic Cooperation and 
Development (OECD) countries (China, India, Brazil and others) increases by 95%, 
compared with an increase of 24% in the OECD countries (UK, US, Canada, Japan and 
others)'ý- International Energy Outlook 2007, May 2007 [1]. 
According to the Official Energy Statistics from the US government [1], the total world's 
energy use will rise from 447 quadrillion British thermal units (Btu) in 2004 to 559 
quadrillion Btu in 2015 and then to 702 quadrillion Btu in 2030 despite the relatively high 
world oil and natural gas prices. This growth in global energy demand is largely as a 
result of the strong projected economic growth of non-Organization for Economic 
Cooperation and Development countries including China, India and Brazil. The increase 
in global energy demand due to increasing human population, industrialisation, mobility 
and economic development is in conflict with the earth's ecosystem and finite fossil fuel 
resources. A consequence of the increase in energy usage has led to an increase in 
greenhouse gases such as carbon dioxide and methane and gave birth to the onset of 
global warming. Global warming was once a term used only by a limited number of 
scientists who had concerns over the effects of decades of pollution on long-term 
weather patterns. Today, global warming is a well recognized and debated phenomena 
and is used to describe a significant increase in the earth's climatic temperature over a 
relatively short period of time as a result of the activities of humans [2]. Thus civilization 
now faces a major challenge, to protect the environment while sustaining a plentiful 
supply of clean, pollution free, energy. 
The first major step to reduce C02 and other greenhouse gas emissions worldwide was 
taken in 1997. Thirty-five industrialized nations committed to reducing their output of 
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greenhouse gases by varying degrees. This expanded to over 160 countries in 2007 
under the Kyoto Protocol and now covers over 55% of global greenhouse gas (GHG) 
emissions [3]. More recently in the G8 summit held in Japan in July 2008, the leaders of 
the G8 countries and a number of developing countries agreed to seek substantial cuts 
in the emissions of greenhouse gases in an effort to tackle climate change. To reduce 
the emission of greenhouse gases, there is a need to develop non-fossil fuel power 
sources such as hydro-electric power, solar power, hydrogen engines and fuel cells [1, 
2,4]. 
1.2. Fuel Cell Technology 
Fuel cells are power sources with the potential to replace traditional devices based on 
combustion of fossil fuels, - particularly in the areas of automobiles and portable 
electronics. Fuel cells are electrochemical devices that convert chemical energy into 
electrical energy. Fuel cells are theoretically energy efficient compared to internal 
combustion engines as they are not driven by temperature differences and thus are not 
subject to Carnot's limit of efficiency [4]. In addition, there is no combustion of fuel hence 
the common pollutants such as sulphur dioxide and nitrous oxides are not produced. 
These advantages, together with the reduction in greenhouse gases and fuel 
consumption due to higher efficiencies have generated significant interest in fuel cells for 
stationary as well as mobile applications [5-9]. 
The fuel cell was first invented in 1839 by Sir William Grove, Professor of Experimental 
Philosophy, at the Royal Institution in London [10]. The fundamental components of a 
fuel cell are the electrolyte and two electrodes, an anode and cathode, sandwiched 
between flow field/current collector plates (Figure 1.1). A fuel such as hydrogen (or a 
derivative of 1-12) is fed to the anode of the fuel cell and an oxidant, such as pure oxygen 
(or oxygen from air), is fed to the cathode. Due to the presence of a catalyst, the 
hydrogen atoms split into protons and electrons according to the reaction: 
Anode: H2 -> 2H' + 2e- 1.1 
The electrons (0-) and the protons (H') produced from reaction 1.1, take different paths 
towards the cathode. The proton (H+) production at the anode creates a positive 
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potential which pushes the outer layer of protons away from the anode. The protons (H+) 
transfer to the cathode side of the cell through the electrolyte by remaining attached to a 
water molecule (diffusion) or by being positioned between water molecules (electro 
osmotic drag). 
D ElectronsJ! eýi- (02 
The electron stream flows 
through a circuit. 
Oxygen 
Oxygen 
combines 
with H dro en Hydrogen y g 
ions and Hydrogen is 
electrons to broken down, 
produce pure producing a 
water stream of 
electrons 
(electricity). 
and a stream 
0 of Hydrogen 
ions that pass 
Water Jý through a membrane. 
Figure 1.11: Schematic diagram showing the fuel cell working principle 
The acid in the electrolyte serves to provide structure as well as a barrier to electrons. 
Due to this barrier, the electrons at the anode are forced to move from the anode 
reaction sites through the anode current collector and an external circuit. The energy 
that is generated is used to power an electric motor or light bulb, for example. After 
expending this energy, the electrons enter the cathode current collector through an 
external circuit to the cathode reaction sites. The electrons coming from the anode then 
react with the protons, originating from the electrolyte, and the oxygen molecule from the 
cathode to produce water: 
Cathode 10 + 2H+ + 2e- -), H 22 20 1.2 
The electrons do not pass through the electrolyte because the acid chains hold their 
electrons tightly and thus constitute an electric insulator. Overall the cell reaction is given 
by: 
Overall Cell: H2 + 102 -)- 
H20 
... 1.3 2 
Thus the fuel cell is a type of galvanic cell where spontaneous chemical reactions occur 
at the electrodes [4,10]. The fuel (1-12 or a derivative of H2) is oxidised at the anode and 
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the oxidising agent (pure 02 or'02 from air) is reduced at the cathode. The electrolyte 
defines the key properties, particularly the operating temperature of the fuel cell. For this 
reason, the fuel cells are named by their electrolyte and in some cases the type of fuel 
utilised [4,10-12]. 
1.2.1 Fuel Cell Types 
The various types of fuel cells classified on the basis of type of electrolyte are 
summarised in Table 1.1. These are alkaline fuel cell, proton exchange or polymer 
electrolyte membrane fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell and 
solid oxide fuel cell. In addition to the conventional fuel cells, there has been 
considerable research into new generation of fuel cells such as direct borohydride, 
methoxy methane (dimethyl ether) and biochemical fuel cells which use different fuels 
[11]. Borohydride and dimethyl ether can be substitutes for hydrogen and methanol 
fuels. Biochemical fuel cells use a biocatalyst for the conversion of chemical energy to 
electrical energy [13]. Materials such as methanol, organic acids, or glucose can be 
used as a fuel and molecular oxygen or hydrogen peroxide (1-1202) can be used as a 
oxidant. Biochemical fuel cells present an opportunity to obtain power in remote 
locations at low cost. They are also ideal candidates for electrically operated devices 
that can be implanted in the human body such as a pacemaker, where advantage can 
be taken of the natural fuel substances present in the body and thus can continue to 
draw power for as long as the subject lives [13]. 1 
Of all the fuel ce. 11s summarised in Table 1.1, the Proton Exchange Membrane Fuel-Cell 
(PEMFC) that uses hydrogen as the clean fuel, is mpst widely used for transport and 
portable applications [14-17]. The unique feature of the PEMFC, as compared to other 
types of fuel cells is that it has a solid proton conducting electrolyte. The PEMFC 
generally operates at low temperature (below 100 OC) and generates a specific power 
(W kg-') and power density (W CM-2) that is higher than other types of fuel cell. 
Generally, the use of hydrogen raises issues concerning safe transportation and storage 
of the fuel [5,18,19]. An alternative approach is to reform/oxidise a liquid fuel into 
hydrogen in situ. However this needs additional equipments thereby increasing the size 
and weight of the overall system and cost. Consequently a cell that can directly oxidise a 
liquid fuel, e. g. methanol is attractive [6,17,20]. 
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1.2.2 Direct Methanol Fuel Cell 
The direct methanol fuel cell (DMFC) has basically evolved from PEMFC technology 
with similar electrode construction and materials. The first report on the DMFC was 
in 1954 [21]. In the 1960's, a DMFC stack with a power density of 40 MW CM-2 was 
developed with the main focus on portable military application [22]. The convenience 
of using liquid fuel i. e. easy handling, storage and the simplified overall design 
compared to the PEMFC, attracted significant attraction. Moreover the theoretical 
gravimetric energy density of methanol (6000 Wh kg-1) was ten times higher than that 
of the rechargeable Li-ion battery (600 Wh kg-1) [9]. Consequently, since the 1960's, 
considerable research has been undertaken into the technological development of 
the DMFC. Various sizes of DMFC demonstration units have been developed 
culminating in a DMFC power unit for a bus in the late 1990's [23]. In 1999, by 
utilising a polymer electrolyte membrane such as Nafion@ and a Pt-Ru anode 
catalyst, a significant increase in DMFC power output was achieved by the Los 
Alamos Laboratory [4]. This has materialised in an increased research in DMFC 
technology [6,9]. 
1.3. The DMFC Challenges and Limitations 
The best single cell DMFC performances in terms of peak power density under high 
pressure using a Nafion@ membrane were 300-450 MW CM-2 and 200-300 MW CM-2 
in the presence of oxygen and air feed at the cathode respectively [11 ]. Despite this 
significant progress in the development of DMFC technology, there are a number of 
issues that limit its commercial exploitation [6,9,19,24-27]. These are: 
i) Poor anodic methanol oxidation: The electrochemical oxidation of methanol 
at the anode is complicated and involves the transfer of six electrons. Even the 
most favourable binary catalysts of Pt-Ru show kinetic limitations for methanol 
oxidation. In addition to the slow kinetic reaction, there is also poisoning of the 
reactive catalyst sites by the adsorbed intermediates and possible formation of 
by-products (formaldehyde, formic acid and methyl formate) due to partial 
oxidation of the methanol, which reduces the overall efficiency of the cell [28]. 
In addition, the ambiguous methanol oxidation reaction mechanism has also 
limited the modelling approach and there are still conflicting views about the 
-6- 
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exact reaction pathways and rate determining step for the complex methanol 
oxidation mechanism [19,29]. 
H) Fuel cell cost: To overcome the limiting anode kinetics, relatively large 
quantities of catalyst materials are required. This significantly increases the cost 
of the fuel cell compared to its competitors such as batteries and internal 
combustion engines. 
Bipolar Plate 
5% 
Gas Diffusion 
Layer 
5% 
Others 
2% 
Electrode 
77% 
Membrane 
6% 
i 
Figure 1.2: Cost distribution for a single cell in a stack to generate 80kW output [30] 
In a fuel cell, the electrodes dominate the cost due to the high platinum loading 
(Figure 1.2). In addition, the balance of plant components including pumps, 
blowers and compressors also contributes significantly to the overall fuel cell 
cost [30]. 
Carbon dioxide production: The oxidation of methanol at the anode leads to 
the formation of carbon dioxide. The aqueous methanol mixture has low 
solubility with respect to carbon dioxide hence, even at low current densities, 
carbon dioxide bubbles are formed both within and on the outer surface of the 
electrodes [24,31]. Consequently cell performance is affected as the carbon 
dioxide bubbles can block the pathway for methanol to transfer to the catalyst 
thereby increasing mass transport limitation. 
iv) Methanol Crossover: Methanol crossover is one of the major problems with a 
Nafiono based DMFC. Ideally a polymer electrolyte membrane (PEM) has to 
combine good proton conductivity with low electronic conductivity. Among the 
Currently available commercial products, Nafion@ manufactured by DuPont and 
-7- 
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analogous materials are still widely used [19]. With Nafione, methanol easily 
transports through the PEM by means of electro-osmotic drag with protons and 
diffusion along with water molecules. This crossover of methanol results in a 
mixed potential in which simultaneous methanol oxidation and oxygen reduction 
can occur on the Pt catalyst at the cathode leading to a significant decrease in 
the overall cell potential and the loss of fuel. 
1.4. Contributions of the Thesis 
This thesis focuses on modelling and development of a single DMFC using Nafione 
as a PEM. The objective of research was to address some of the current limitations 
of the DMFC, in particular those related to poor methanol oxidation kinetics and 
methanol crossover. The key contributions of this thesis include: 
- The application of experimental design to identify optimum operating 
conditions by understanding the effects of various operating parameters and 
their interactions on fuel cell performance. Once an optimum operating 
condition was identified, response surface methodology was applied to find a 
suitable catalyst layer formulation to achieve higher fuel cell output. The 
proposed technique of experimental design highlighted significant effects and 
interactions influencing fuel cell output, by taking into account the variability 
associated with the experiments; and hence provided a more realistic 
methodology compared to the one-factor-at-a time approach used by most 
researchers [32-36]. 
- One of the challenges in DMFC technology is to improve the poor methanol 
oxidation reaction at the anode by understanding the complex methanol 
oxidation reaction kinetics. To address this, two detailed kinetic models that 
describe the surface coverage resulting from binary Pt-Ru catalyst site were 
proposed [37]. The analysis of the initial detailed kinetic models identified that 
a simplification in anode modelling can be made with some of the kinetic 
parameters eliminated. Based on this approach, simplified three parameter 
model was proposed for application to real-time DMFC simulations that is 
applicable to whole stack or system studies [38]. 
- To identify the effect of mixed potential on DMFC performance, a semi- 
empirical model to predict fuel cell performance with respect to cell potential, 
-8- 
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methanol concentration and cell temperature was proposed. The model 
helped estimate the open circuit potential and cathode polarisation in the 
presence of methanol. 
- The demonstration of a novel programming approach for fuel cell modelling. 
The proposed implementation of LabVIEWO simplified the modelling and 
simulation by use of graphical user interface (GUI) as compared to a text- 
based programming language such as Matlab [39] . LabVIEWO based 
models, due to the dataflow modelling structure are quick and can be linked 
to control applications and real time simulation. 
1.5. Structure of the Thesis 
Chapter 1 introduces the concept of fuel cell technology and the various types of the 
fuel cell. In Chapter 2, a detailed description of the DMFC in particular focusing on 
current practices, experimental procedures and operational aspects of the DIVIFC is 
introduced. The remainder of the thesis is then split into two parts. 
The first part, Chapters 3 and 4, focuses on the application of experimental design. 
Chapter 3 investigates the effect of various operating parameters and their 
interactions on the performance of the DMFC using a fractional factorial experimental 
design. The results from the fractional factorial design analysis are then validated to 
confirm the appropriateness -of the experimental design for optimising the overall 
performance of the DMFC. In Chapter 4, the focus is on response surface 
methodology for the optimisation of the membrane electrode assembly. The multiple 
responses, such as peak power, anode and cathode performances, were analysed to 
identify a suitable catalyst formulation for both the anode and cathode, thus 
demonstrating the application of response surface methodology in fuel cell 
technology. 
The second part, Chapters 5 and 6, of the thesis focuses on the steady state 
modelling of a IDIVIFC. In Chapter 5, two kinetic models for the DMFC anode, using a 
dual site approach and based on the surface coverage of the catalyst site, are 
proposed. The models help identify the limiting reaction and estimate the kinetic 
parameters. Additionally it also predicts the performance of the anode and describes 
the surface coverage of the intermediates (such as CO and OH) as a function of cell 
temperature, anode potential and methanol concentration. Based on the outcome of 
-9- 
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the detailed kinetic models, a reduced three parameter kinetic model is also 
proposed, which swiftly returns the cell current density utilising cell temperature, 
anode potential and methanol concentration as inputs. Chapter 6 proposes a DMFC 
cell model using the detailed methanol oxidation and oxygen reduction kinetics. The 
model also takes into account the effect of the mixed potential on cell performance 
and the methanol concentration profile across the cell. The models were developed 
using LabVIEWO and it was concluded that a fairly accurate model was achieved 
based on the experimental data. 
Finally in Chapter 7, conclusions are drawn from the overall research and future 
areas for DMFC research are proposed. 
-10- 
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Chapter 2 
THE DIRECT METHANOL FUEL CELL 
Introduction 
The direct methanol fuel cell (DMFC) although commercially attractive, has some 
limitations, as explained in Chapter 1, hindering its widespread application in power 
generation. These limitations are associated with its complicated reaction mechanism 
and cell design. However before attempting to 6nalyse the behaviour and model of 
the DMFC, it is important to understand the mechanism and design principles behind 
the DMFC. Hence in this chapter, the basic principles of DMFC operation are 
explored. The various inefficiencies related to the DMFC are also investigated. In 
addition a brief literature review focusing on semi-empirical modelling is presented to 
identify potential areas of improvement in terms of DMFC modelling. 
2.2. General Overview 
The DMFC belongs to the class of polymer electrolyte membrane fuel cells (PEMFC) 
and uses methanol as a fuel instead of using hydrogen. Since the 1960's [14,15], the 
development of DMFC's has provided significant research opportunities due to the 
following advantages of using methanol in a fuel cell [5,6,8,9,18,19]: 
(i) The most important characteristics by which energy generating devices are 
compared is energy density, i. e. the amount of energy in watt-hours (Wh) 
packaged per unit weight (kg) and unit volume (L). Methanol is a liquid fuel with 
a. gravimetric and volumetric energy density (6000 Wh kg-1 and 4800 Wh L-1) 
that is higher than that for rechargeable batteries such as Lithium-Ion (110 Wh 
kg-1 and 300 Wh L-1). Thus a fuel cell operating with methanol could provide 
higher operational life compared with a battery of the same size, thereby 
providing advantages in terms of cost and weight. 
(ii) Successful development of a DMFC will eliminate the need for an on-board 
fuel-processor sub-system that is required for the production of hydrogen. Since 
the weight and volume of the fuel-processor sub-system are approximately the 
same as the electrochemical stack sub-system, their elimination from the fuel 
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cell system will increase the overall efficiency of the fuel cell system as less 
energy input will be required to run the whole system. 
(iii) The DMFC is an ideal portable power source for civilian and defence 
applications including laptop computers, cellular phones and portable power. 
The DMFC has considerably higher energy density than the most advanced 
rechargeable batteries (nickel-metal hydride and lithium ion) that are currently 
used for such applications. In particular it outperforms other batteries in the kilo- 
watt range [40]. DMFC performance is also stable compared to some of the 
other technologies in the field of PEMFC. In this research work, the relative 
stability of a single DMFC for -200 hrs operating under various conditions was 
tested. The results are presented in Appendix A, which shows the stabile 
performance of DMFC at varying load conditions. Similar research on a DMFC 
stack by other groups has shown that the DMFC achieves stable power output 
up to 8000 hrs [40,41]. Moreover the DMFC has a fast dynamic response to 
variable load changes [42], This behaviour is evident from observing the 
changes to sudden load conditions, Appendix A. 
(iv) The DMFC. emits zero pollutants. Research by leading groups in DMFC 
development [4,40] suggests that there are no traceable emissions of 
methane, higher hydrocarbons, NOx or similar substances when operated 
within a closed environment. Hence DMFC power systems are in line with 
current. laws and regulations and will contribute to green power generation. 
Figure 2.1 shows a schematic diagram of a DMFC where methanol (CH30H) and 
water (H20) react electrochemically at the anode to produce carbon dioxide (C02), 
protons (H') and electrons (e-): 
Anode: CH30H + H2 0) C02 + 6H+ + 6e- E' = 0.02 V ... 2.1 
The carbon dioxide produced in the methanol oxidation reaction at the anode could 
react with alkaline electrolytes to form carbonates hence in the DMFC an acidic 
electrolyte such as Nafion@ membrane is used to aid carbon dioxide rejection [6,19]. 
The acidic electrolytes also act as a barrier (electronic insulator) to the electrons 
produced in reaction 2.1 due to which the electrons are forced to reach the cathode 
via an external circuit. In contrast, the acidic electrolyte serves as a carrier for the 
protons. The rate of proton transfer is a function of electrolyte membrane thickness, 
the amount of water in the membrane, current density, cell temperature and the 
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number of ions transported [10]. The protons and electrons on reaching the cathode 
react with oxygen (typically air) to produce water: 
Cathode: 1.502 +6H+ +6e-, 3H20 EO = 1.23 V ... 2.2 
Flow field and., 
Current collector 
CH30H + H20 
(Fuel) 
C02 
Unused 
fuel 
Flow field and 
Current collector 
> H20 
Unused 
oxidant 
0, 
idant) 
End plate -Ib End plate 
Anode Backing Layerý-J Cathode Backing Layer 
Anode Catalyst . 4- 
1 
-*Cathode Catalyst Solid polymer membrane 
Figure 2.1: Schematic representation of a direct methanol fuel cell 
The electrons produced at the anode carry the free energy change of the chemical 
reaction and while passing through an external circuit, the energy generated can be 
used to power an electric motor or light a bulb, for example. The overall cell reaction, 
given by reaction 2.3, shows that methanol and oxygen react to produce water and 
carbon dioxide: 
Cell: CH30H + 1.502 ) ('02 + 2H20 E" = 1.21 V ... 
2.3 
These reactions are promoted by the incorporation of platinum based electro catalyst 
materials in the electrodes [4,27,28,43-45]. 
2.3. DMFC Components 
In a DMFC, the Membrane Electrode Assembly (MEA), which is a combination of an 
anode, membrane and cathode, forms the heart of the cell. The MEA assembly, 
Figures 2.2. e and 2.2. f, is sandwiched between porous backing layers and the flow 
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field/current collectors using PTFE (Polytetrafluroethylene) gaskets, Figure 2.2. d, 
which act as seals. The hardware of the fuel cell is the backing layer and flow 
field/current collectors (Figure 2.2. a). These are designed to maximize the current 
that can be obtained from the heart of the fuel cell [4]. A detailed description of each 
component is given in the subsequent sections. 
2.3.1 Membrane Electrode Assembly 
The combination of the a node/mem bra ne/cathode is referred to as the membrane 
electrode assembly (Figure 2.2. d) and its construction and composition is of crucial 
importance to the fuel cell performance [4,10,27]. The key goals in terms of design 
include: 
To minimize all forms of inefficiencies and maximize power density, 
To minimize the Pt catalyst loading (and thus minimise the cost per kW of the 
PEMFC) in the gas diffusion electrodes by high utilization of the surface areas 
of the nano-sized particles of the electrocatalyst, 
To achieve effective thermal and water management, 
- 14 - 
Figure 2.2: Basic DMFC Components. (a) Flow field and current collector with a heating pad 
(b) Heating pad, (c) Titanium mesh for anode (d) PTFE Gasket for sealing, (e) MEA (f) MEA 
after 180hrs of continuous operation. 
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iv) To maximise the lifetime of the PEMFC to satisfy the requirements of a 
particular transportation or portable power application. 
It is in this area of science and technology that major advances were made in the late 
1980's and in the early 1990's [14,15]. The following section provides a brief 
description of the components of MEA. 
2.3.1.1 Solid Polymer Electrolyte Membrane 
The DMFC utilis6s a solid perfluorosulfonic acid membrane as the electrolyte. The 
membrane, which is typically 30 to 200 microns thick, provides an electrolyte capable 
of withstanding high pressure differentials with no free corrosive liquids which can 
attack the cell components [6,19]. Besides acting as an acid electrolyte, the 
perfluorsulfonic acid membrane separates the fuel from the oxidant gas. Membranes 
are typically solid, hydrated sheets of a sulfonated fluoropolymer similar to Teflon. 
The acid concentration of a particular membrane is characterised by its equivalent 
weight (EW), grams of dry polymer/mole of ion exchange sites. Generally, a thinner 
membrane with a lower equivalent weight results in higher cell performance. 
However thinner membranes can materialise in higher methanol crossover from the 
anode to the cathode and can give rise to mixed potential effects, which is the 
simultaneous oxidation of methanol and the reduction of oxygen at the same 
electrode thereby reducing fuel efficiency [6,19,25,46]. 
The most commonly used perfluorosulfonic acid electrolyte membrane is Nafion@) 
from DuPont [9,19]. Other perfluorosulfonic membranes used include Gore-Select@ 
(Gore), BAM@ (Ballard), Aciplex@-S (Asahi Chemical Industry Co. ) and Flemione 
(Asahi Glass Company) [6,9,19]. The typical chemical structure of some of these 
membrane is illustrated in Figure 2.3 and it comprises of three regions [4,16]: 
a Teflon like, fluorocarbon backbone comprising hundreds of repeating 
- CF2 - CF, - CF2 - units, 
-0- - -CF. 
CF'2 - C' 
1 
-O-C]'2 2- 
side chains which connect the molecular backbone 
CF'3 
to the sulfonic acid ion region, 
ion clusters consisting of sulfonic acid ions, SO; - H' 
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CF2 
I 
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III 
CF2 CF3 H' 
I 
Figure 2.3: Chemical Structure of membrane material (Nafione by DuPont) [4] 
The negative SO, - ions are permanently attached to the side chain and cannot move. 
However, when the membrane becomes hydrated by absorbing water, the hydrogen 
ions connected to the sulfonic acid region (SO; - H') become mobile. Due to this 
movement of the hydrogen ions, bonded with the water molecules, from one SO; site 
to another SO; site, within the polymer membrane, the polymer electrolyte 
membrane becomes an excellent conductor of hydrogen ions. 
2.3.1.2 Electrodes and Electrode Structure 
Platinum (Pt) and platinum ruthenium (Pt-Ru) alloys are the most studied and 
appropriate electro-catalysts for DMFC electrodes [6,19,29,43,47,48]. The 
rationale is that with a Pt-Ru alloy electro-catalyst, the water discharge at the anode 
occurs at low potentials on the Ru sites with methanol chemisorption taking place on 
the adjoining Pt sites. The removal of carbon monoxide requires the presence of OH 
species at low potential. This is possible due to the presence of Ru sites since OH 
groups are preferably formed on ruthenium (Ru) at fairly low electrode potentials 
(-0.3 V vs. Normal Hydrogen Electrode). Hence a binary catalyst such as Pt-Ru is 
considered to be the best option for the DMFC anode. 
The electrodes in a fuel cell can dominate the cost due to high platinum loadings [30]. 
The electrode structure is formed by evenly distributing the fine catalyst particle on 
the surface of larger particles of fine carbon powder. A carbon based powder, such 
as Ketjen Black, Vulcan XC-72 or Acetylene Black, has been widely used [4,6,9]. 
The catalyst is finely divided and spread out so that a high proportion of the surface 
area is in contact with the reactants. The final electrode structure is made by two 
alternative methods, although the end result is essentially the same [10,11 ]. 
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i) Separate electrode method: 
For this method, the carbon-supported catalyst mixture is fixed to a porous and 
conductive backing layer such as carbon cloth or carbon paper. To minimise the 
contact losses and to form a three phase reactive zone, Nafion@ is added to the 
catalyst mixture. Polytetrafluoroethylene (PTFE) is often added because it is 
hydrophobic and hence would repel water to the surface where it can be removed. 
The catalyst mixture is fabricated on the carbon cloth or carbon paper by using a 
proprietary technique such as tape casting, brushing or painting [10]. In addition to 
providing the basic structure for the electrode, the carbon paper or cloth also 
distributes by diffusion the gas onto the catalyst. Due to this, they are often termed as 
the "gas diffusion layer" [10]. The final separate electrodes fabricated by this method 
are then fixed to each side of a piece of polymer electrolyte membrane using a hot 
pressing method [10,11 ]. 
ii) Building the electrode directly onto the membrane: 
The alternative method is to build the electrode directly onto the membrane that is 
the platinum on the carbon catalyst is fixed directly to the electrolyte. Consequently 
the electrode is manufactured directly onto the membrane as opposed to them being 
manufactured separately. The catalyst, which is often (but not always) mixed with 
hydrophobic PTFE, is applied to the electrolyte membrane using rolling, spraying or 
painting [10]. Once the catalyst is fixed to the membrane, a gas diffusion layer is 
applied. This is a carbon cloth or paper, and is approximately 0.2 to 0.5 mm thick, 
which is similar to the separate electrode method. 
The resulting structure from both methods is shown in Figure 2.2. d and depicted 
schematically in Figure 2.4. The carbon supported catalyst particles are connected to 
the electrolyte on one side with the gas diffusion layer on the other side, resulting in 
three-phases that are highly reactive. Apart from the afore mentioned methods, in the 
last decade, there has been an increase in the use of electrochemical methods such 
as electrochemical deposition to fabricate the precious metal catalyst layer directly 
onto the membrane or onto the gas diffusion electrode [49-51] . The electrochemical 
deposition technique has significantly reduced the precious metals loading in the fuel 
cell and has also increased the performance of the DMFC. To tackle the production 
of carbon dioxide at the anode, the use of a titanium mesh on which the catalyst is 
deposited by electrochemical deposition technique has been proposed [31]. 
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Figure 2A Simplified structure of a PEM fuel cell electrode [10] 
2.3.2 Backing Layers 
The hardware of the fuel cell, that is the backing layers and the flow field/current 
collectors, are designed to maximize the current that can be obtained from a MEA. 
The backing layers, which are positioned alongside the anode and the cathode 
(Figure 2.5) are typically made of porous paper or carbon cloth that is typically 100 to 
300 microns thick [27,50,52]. ETEK type "A" carbon cloth and Toray carbon paper 
are the most commonly used material for the backing layer [16,27,52]. Carbon is 
used since it is a relatively stable material and helps in the conduction of electrons 
from the anode. 
To ensure the effective diffusion of reactants to the catalyst site on the MEA, the 
backing layers are often coated with carbon powder treated with PTFE. The addition 
of PTFE binder to carbon promotes areas of relatively high and low hydrophobicity 
which in turn assists in gas and liquid flow to the various catalyst sites on the MEA 
[10]. This gas diffusion layer also forms an electrical connection between the carbon- 
supported catalyst and the bipolar plate, or another current collector. In addition, it 
transports the water produced away from the electrolyte surface and forms a 
protective layer over the very thin layer of catalyst. 
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Figure 2.5: Membrane electrode assembly with backing layers [4]. 
2.3.3 The Flow Fields/Current Collectors 
Pressed against the outer surface of each backing layer is a piece of hardware, 
generally made of graphite (Figure 2.2. a), called a current collector plate [4,10]. The 
primary task of this plate is to provide a reactant flow field and electronic conduction. 
The side of the plate next to the backing layer comprises of a number of channels 
machined into the plate, which transport the reactants in and out of the cell. The 
pattern of the flow field in the plate as well as the width and depth of the channels 
have a significant impact on the effectiveness of the distribution of the reactant gases 
across the active area of the MEA. They also affect water flow to the membrane and 
water removal from the cathode [53,54]. 
The most common flow field patterns/designs are parallel, serpentine, spot and mesh 
(Figure 2.6). The main advantage of using a serpentine design is the forced flow 
direction. In addition, compared with the spot flow field design, a homogeneous 
current density distribution is obtained [55]. The interaction between the flow field and 
gas diffusion layer is significant and affects the performance of the DMFC and hence 
the design of the flow field is important [55]. In cells operating at higher temperatures 
and flow rates, structures such as parallel flow are preferred as they provide low 
resistance to the flow resulting in lower pressure losses [53]. Some researchers 
prefer the use of a mesh electrode structure as it provides greater surface area for 
gas evolution reaction, excellent mass transport rates and better gas release [24,54, 
561. 
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Figure 2.6: Examples of flow field designs structures [10). 
The second task of this plate is that of current collection. Electrons produced by the 
oxidation of the fuel (methanol) must be conducted through the anode via the 
backing layer and then through the plate before they exit to do some work, such as 
produce energy to light a bulb, and re-enter at the cathode plate. In a single fuel cell, 
these two plates are the final components that make up the cell. 
2.4. Direct Methanol Fuel Cell Stack 
The voltage from a single cell is approximately 0.7 V, which is sufficient to support a 
small light bulb. As most applications require a much higher voltage, the required 
voltage is obtained by connecting individual fuel cells in series to form a fuel cell 
stack (Figure 2.7). When the cells are stacked in series, the operating voltage 
increases to the product of 0.7 V and the number of cells stacked. 
If the cells are placed side by side to increase the operating voltage, a separator 
plate is required to connect the cells electrically in series and to prevent the mixing of 
reactants. This separator plate increases the overall volume and weight of the stack. 
To overcome this problem the integrated structure of a flow field and a separator 
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plate, known as a bipolar plate, is used in the DIVIFC stack [4,10,12]. The bipolar 
plate separates the individual cells and carries fuel on one side and oxidant gas on 
the other side. The bipolar plate must be made of gas-impermeable material 
otherwise the two reactants, fuel and oxidant, would mix leading to direct oxidation. It 
must also be electrically conductive because the electrons produced at the anode, on 
one side of the bipolar plate, are conducted through the plate where they enter the 
cathode on the other side of the plate [4,10,12]. The favoured material for the 
bipolar plate is graphite but materials based on stainless steel or metal alloys with 
surface treatment to improve chemical and electrochemical stability have also been 
used to reduce production costs [57). Different production techniques have been 
used for the manufacture of bipolar plates [4,10], but the most widely used method is 
injection moulding of the composite materials [57]. 
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Figure 2.7: Schematic diagram of fuel cell stack [58] 
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2.5. Balance of Plant and Other Components 
A DMFC includes other components including gaskets, clamps, and endplates [10]. 
Gaskets act as a sealant between the MEA and plates (Figure 2.2. d), and they are 
usually made of Teflon or silicon rubber so that they are corrosion resistant and 
impermeable to gases. The endplates are used to provide mechanical support to the 
fuel cell and to keep the cell compressed. Generally thicker endplates are used 
thereby increasing the weight of the cell. However advanced structures, such as the 
Dbow-concept, for the end plates have been proposed. These significantly reduce 
the weight and volume of the endplates [59] . 
DC/DC Converter 
or DC/AC Inverter 
Figure 2.8: Schematic diagram showing the balance of plant components for DMFC 
system [40]. 
Balance of plant (BOP) refers to the supporting and/or auxiliary components that are 
included in a fuel cell system to ensure delivery of the required power [58]. A simple 
schematic representation of the BOP components for a DMFC system is shown in 
Figure 2.8. BOP components including pumps, blowers, DC to DC converters, 
temperature and mass flow regulators, valves and fuel processing units such as gas 
humidifiers, liquid vaporizer and/or compressors are critical to the development of 
compact, reliable and portable fuel cell systems. Power output from the complete fuel 
cell system depends on the operating conditions, which in turn depends on the BOP 
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components. Additional power is required to operate some of the BOP components 
such as pumps, compressor and the fuel processing unit and hence the fuel cell 
system has to be oversized to power them decreasing the efficiency of the overall 
system [4,10,12]. 
2.6. Operational DMFC Voltage 
The maximum non-expansion work obtainable from a process at constant pressure 
and temperature is given by Gibbs free energy (AG) [60]: 
AG =AH -T x AS ... 
2.4 
where, T is the temperature in Kelvin, AH is the enthalpy change in U mol'and LS is 
the entropy change in W mol-'K-'. 
For the reaction given by Eq. 2.3, under standard temperature and pressure (STP) 
conditions of 25 'C and 1 bar using aqueous methanol, oxygen and carbon dioxide in 
gaseous state, the enthalpy change (AH) is -726.6 U mol-1 [11]. Thus the Gibbs free 
energy (AG) for the total DMFC reaction under STP conditions is -702.5 W mol-1. The 
standard reversible cell potential (E", ) of a direct methanol fuel cell can be derived re 
from Gibbs free energy [10,11 ]: 
AG E, 
zxF 
2.5 
where, z is the number of electrons exchanged during the reaction and F is 
Faraday's constant (96485 C mol-'). 
Under STP conditions, solving Eq. 2.5 gives the open circuit voltage (OCV) for a 
DMFC as 1.21 V. This is similar to the OCV for hydrogen fed polymer electrolyte 
membrane fuel cells (1.23 V). For the above reactions both the enthalpy change (AH) 
and entropy change (AS) can be considered constant within a certain temperature as 
long as no phase change occurs in any of the species involved. Thus it can be said 
that the free energy is a linear function of temperature: 
AS" 
Combining Eq. 2.5 and Eq. 2.6: 
2.6 
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E,, = E" +A 
(T 
- T") ... 2.7 rev zxF 
At STP, the entropy of reaction for a DMFC is -0.081 W mol-'K-1 [11 ]. Consequently 
from Eq 2.7, an increase in cell temperature results in the decrease in the reversible 
open circuit voltage (E.. ). Similarly to examine the effect of methanol concentration 
on the reversible OCV, if the Nernst equation [11 ] is applied to Eq. 2.3 under ideal 
conditions (i. e. complete separation of the anode and the cathode chambers) then: 
E,, = E,.,, + 
RxT In a, j, 
' x aCH30H 
... 2.8 2 zx aH20 "('02 
where, R is the gas constant (8.3145 J mol-'K-') and a is the activity of the reactants 
and products in Eq. 2.3. 
From Eq. 2.8 it can be concluded that for increasing methanol concentration, the 
reversible OCV should increase. However in reality compared to the ideal 
thermodynamic relationship, given by Eq. 2.7 and Eq. 2.8, the DMFC exhibits 
different behaviour for both changes in the temperature and methanol concentration. 
This is due to some inefficiency which tends to reduce the actual voltage of the 
DMFC from the ideal open circuit voltage of 1.21 V as shown in Figure 2.9. These 
non-ideal effects or inefficiencies are separated into three categories; activation 
polarisation, ohmic polarisation, concentration polarisation and methanol crossover. 
The characteristic S-shape of the stationary current-voltage trajectory, Figure 2.9, 
resulting from these three major irreversibilities or inefficiencies, is a classical method 
to represent the performance of a fuel cell [10,12]. The curve shows limiting 
mechanisms occurring during the operation of a fuel cell. The combination of all three 
polarisations has distinguishable effects on the performance of the cell since each is 
dominant at different current stages. 
2.6.1 Activation Polarisation 
Activation polarisation occurs due to the energy intensive activity associated with the 
making and breaking of the chemical bonds at the cathode and anode. At the anode, 
aqueous methanol enters the reaction site and forms ions and electrons with the aid 
of the Pt based catalyst. The same procedure occurs at the cathode catalyst site. 
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Incoming oxygen reacts with the electrons and protons on the Pt catalyst to form 
water. The amount of energy required for the forming and destroying all these bonds 
comes from the fuel and thus the overall energy that the cell can produce is reduced. 
Ideal cell voltage 1.21 V 
Methanol 
crossover effect 
ocv 
Activation 
Polarisation 
> 
a) 
22 Ohmic 
Polarisation 
0 
Concentration 
Polarisation 
Current Density (mA. CM-2) Limiting 
Figure 2.9ý Characteristics of DMFC polarisation (current-voltage) curve 
In low and medium temperature fuel cells, the activation overvoltage is the most 
important irreversibility and cause of voltage drop. Activation overvoltage at both 
electrodes is important in cells using fuels other than hydrogen, such as methanol 
[11]. From Figure 2.9 it can be observed that the voltage drop in the activation region 
is highly non-linear. Activation polarisation (17,4,, ) is described by the Tafel equation: 
17Act ý 
RT 
In( ... 
2.9 
anF V 
where, i,, is the exchange current density in A CM-2 and a is the charge transfer 
coefficient. The charge transfer coefficient is the proportion of electrical energy 
applied that is harnessed when changing the rate of an electrochemical reaction. The 
value of a depends on the reaction involved and the material of the electrode, but it 
is inthe range of Oto 1.0 [10,11]. 
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2.6.2 Ohmic Polarisation 
Ohmic polarisation is caused by electrical losses in the cell. The resistance of the 
current collecting plates, electrodes and the electrolyte are all factors that contribute 
to the electrical loss. The resistance resulting from the electrodes is due to the 
contact resistance with the current collectors, the electrolyte and through the 
electrode material itself. The electrolyte can contribute to ohmic polarisation through 
its resistance to ionic flow. This voltage drop is essentially proportional to current 
density and thus is represented by a linear drop in Figure 2.9 [10]. The ohmic loss is 
represented by: 
? 701,,, '= ixR, ... 2.10 
where, R, is the area-specific resistance. In a liquid feed DMFC, the humidity or the 
water content of the membrane is relatively constant throughout the operation 
compared to a PEMFC hence the cell resistance in DMFC is more stable. 
2.6.3 Concentration Polarisation 
Concentration polarisation results from restrictions to the transport of the reactants to 
the reaction sites. This usually occurs at high current density since the formation of 
product water and excess humidification blocks the reaction sites. Concentration 
polarisation is also termed as "mass transport" loss since the reduction in the 
concentration is a result of the failure to transport sufficient reactant to the electrode 
surface. Concentration polarisation is a significant factor in fuel cell performance if 
the fuel cell is operated with a low reactant flow rate or when a low concentration of 
fuel is used. Concentration polarisation is given by: 
77co)lc -ý-T In 
nF 
(I 
- 
xi 2.11 
Where, is the cell limiting current density in A CM-2 (Figure 2.9). Concentration 
polarisation is also affected by the MEA fabrication technique, gas diffusion layer and 
flow field geometry [6]. 
2.6.4 Methanol Crossover 
Methanol crossover is the transfer of methanol through the membrane from the 
anode to cathode. Apart from the non-ideal effects or inefficiencies discussed in 
sections 2.6.1 to 2.6.3, the crossover of methanol is also a major cause of 
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inefficiency as it is essentially wasted and the cathode catalysts are poisoned by the 
carbon atoms in the methanol [46,61]. Methanol crossover is mainly a result of 
diffusion and electro-osmotic drag [6,19]. 
Methanol transfer by diffusion is a result of the concentration gradient across the 
membrane. The diffusion flux through the membrane can be modelled by using Fick's 
law [62]: 
NAf, = -Dý, xC lAfeill 2.12 
where, D,,,,, the methanol diffusion coefficient (CM2 sec-'), is a function of 
temperature, CL is the concentration of methanol at the anode, A,,,,, is the area of Me 
the membrane and 1,,,, is the thickness of the membrane. 
Assuming that the methanol concentration is approximately the same at the interface 
between the anode catalyst layer and the membrane as in the feed concentration, 
the methanol diffusion coefficient (D, ',, ) can be calculated by combining Eq. 2.12 with 
Faraday's equation [62]: 
Dý, 
ixX 
A4f,, ... 2.13 ZFCa ME 
where, i is the cell current density, A CM-2. 
Ren et al., (2000) [63], Narayanan et al., (1995)-[64] and Ling et al., (2004) [65] 
measured the methanol flux for different membrane thicknesses and showed that the 
methanol crossover rate is inversely proportional to the membrane thickness, 
indicating that diffusion is dominant [66]. Apart from diffusion, a certain amount of 
methanol transfers through the membrane by accompanying the water molecule, 
which in turn is attached to a proton migrating from the anode to the cathode. This 
phenomenon is known as electro-osmotic drag. It can also occur due to physical 
similarities in molecular size and dipole moment between the water and methanol 
molecule. Due to these similarities, it is assumed that the drag coefficient for water 
(AH, 
O) and methanol (A,, ) are approximately equal. The protons migrating through 
the membrane cannot distinguish between these two molecules and the amount of 
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methanol passing through the membrane is calculated as the methanol fraction 
(X,, ) in the liquid [67,68]: 
A'Ale, 
drag = 
ix .4 Le X A112OXAfe ... 2.14 F 
where, Aii, o is the water drag coefficient which typically lies between 2 to 5 
depending on the cell temperature and pressure [68,69]. 
A significant amount of research has been undertaken to measure the crossover of 
the methanol through the membrane and its impact on DMFC performance [25,26, 
62,69-73]. In this research, a technique similar to Qi et al., [62] was used to measure 
crossover. In this case, the cathode was supplied with nitrogen feed and the anode 
was supplied with a regular feed of aqueous methanol. By reversing the poles of the 
power supply, the methanol, which had crossed over to the cathode was forced to 
oxidize at the cathode at high potentials, 900 to 1000 mV. The limiting current (/C,,,,, ) 
resulting from this methanol oxidation at the cathode was measured. This 
approximately represents the rate of the methanol crossover at open circuit. Other 
techniques used to measure the crossover of methanol are gas chromatography, 
FTIR and IR spectroscopy. These devices detect the level of carbon dioxide 
produced at the cathode due to the oxidation of the methanol that has crossed over 
[26,72,74]. 
2.7. Literature Review on DMFC Models 
The performance of the DMFC depends on a large number of parameters including 
physical and electrochemical parameters (e. g. composition of the catalyst layer, 
kinetic reaction, single or dual site catalyst), design parameters (e. g. catalyst layer 
and backing layer thickness, flow field design, membrane thickness, porosity of gas 
diffusion later) and operating parameters of the overall cell (e. g. cell temperature and 
pressure, flow rate of reactants, concentration of methanol). In a DMFC many of 
these parameters are intimately coupled, resulting in the need to search for the 
&optimal' cell design and operating conditions. A better understanding of the 
relationship between these parameters is essential and can be achieved by 
combining mathematical modelling approaches with a detailed experimental 
programme. Mathematical modelling and simulation can help understand the effect of 
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the different physical and electrochemical phenomena, occurring inside the cell, on 
fuel cell performance and hence influence its design and optimization [75-78]. 
Different types of modelling approaches, such as analytical models, semi-empirical 
models and mechanistic models, that focuses on one or more aspects or 
components (catalyst, stack, polarisation, crossover, etc) pertaining to the cell have 
been reported in the literature [78]. The mechanistic and semi-empirical modelling 
approaches are further subdivided into 1-dimensional models, where all regions of 
interest are combined and solved in a single domain, or 2 or 3-dimensional models, 
where sets of equation for each region of interest are utilised [75]. This thesis 
focuses on one-dimensional semi-empirical model which facilitates in the prediction 
of the fuel cell performance as a function of different operating conditions. Hence the 
literature review concentrates on this aspect. 
Scott et al., [79-84] have developed a number of simplified one dimensional, single 
phase models to study transport and electrochemical reactions in a DMFC. 
Furthermore Scott et al., [79] proposed an empirical model that was developed from 
the empirical models of a PEMFC (Table 2.1), to predict the cell voltage versus 
current density performance of a DMFC [85-87]. The resulting model was solved 
using non-linear regression algorithms (Appendix B) and was fairly accurate 
compared to other models. 
Model Equation References 
E E, -b log(i) - R, J Srinivasan et al., [87] 
E EO -b log(i) - Rj -mx exp(ni) Kim et al., [85] 
E EO -b log(i) - Ri +a i4 Ino -, 8 i) Squadrito et al., [86] 
E,,,, = E,, -b log( i) - Rj + C, x In(I - C2) Scott et al., [79) 
E,, -b log( I-k,, i) - R, i - EO -ax 
ý/' 
, (. x (I -e, 
T) Hwan Kim et al., [88] 
Table 2.1: The empirical and semi-empirical model equations for PEMFC and DMFC 
Based on Srinivasan's [87] model, Kim et al., [851, Squadrito et al., [86] and Scott et 
al., [79] proposed different semi-empirical relationships, to predict the cell polarisation 
curve. These are summarised in Table 2.1. The first three terms in these models 
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account for the open circuit voltage (E0) , activation polarisation (-b logi) and ohmic 
losses (-Ri). The three terms in Kim et al., [85], Squadrito et al., [86] and Scott et al., 
[79] are similar to those in Srinivasan et al., [87] model. To improve model fit to the 
DMFC polarisation curve, a fourth term was proposed by Scott et al., [79] that takes 
into account the mass transport limitations present in fuel cell operation. However 
this simplified model has a mathematical limitation and was unable to fit the open 
circuit voltage (OCV) as shown in Appendix B. This limitation to predict the OCV was 
addressed by Hwan Kim et al., [88] who proposed a semi-empirical approach which 
included the methanol crossover effect to model the DMFC polarisation curve. Tu et 
al., [89] also developed a semi-empirical model to overcome the limitation of Scott et 
al., [79] model. They proposed a model to distinguish between the individual voltage 
losses due to methanol crossover and the overpotential of both the anode and the 
cathode. 
Scott et al., [80,82] also proposed a semi-empirical model for a DIVIFC based on 
Tafel type kinetics and mass transport coefficients. In Scott et al., (80,82], they 
derived the parameter for a new membrane electrode assembly to predict the DMFC 
performance. One different area of modelling from Scott's group was in the dynamic 
modelling of a DMFC using a semi empirical approach (Simouglou et al., [90,91]). 
The model was developed using the statistical approach of canonical variate analysis 
(CVA) and it provided one-step-ahead predictions of the dynamic voltage response of 
the cell. 
Another group active in the field of DMFC modelling is based at the Research Centre 
JUlich, Germany [46,67,69,71,92-97). Most of their models are one dimensional 
physico-chemical models that predict the cell polarisation curve. Kulikovsky [46,67, 
95-97] developed a model for the cathode side to understand the different reactive 
zones in the. cathode compartment as well as developing models that focus on the 
anode side and the mixed potential effects. Baxter et al., [98] proposed a single 
phase mathematical model for a liquid-feed DMFC anode. They used a macro- 
homogeneous model to describe the reaction and transport in the catalyst layer of a 
vapour-feed anode and predicted the amount of methanol crossover through the 
membrane for any given current density. 
Sundmacher et al., [99] observed that pulsed methanol feeding could achieve a 
significant increase in the cell voltage and a considerable reduction in methanol 
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consumption. Kauranen et al., [29] reported a model describing both the oxygen 
reduction and the methanol oxidation in the cathode of a DMFC and concluded that 
the oxygen reduction current is decreased in the presence of methanol oxidation due 
to surface poisoning. This model was based on a dual site approach which 
suggested that for a Pt-Ru dual catalyst for the anode, the Ru sites act as a centre 
for CO oxidation and Pt the sites act as a centre for the adsorption and 
dehydrogenation of methanol. Using this dual site approach, Kauranen et al., 
proposed a model for the anode and predicted the surface coverage of individual 
species with changes in cell potential. Alternatively, Nordlund et al., [100,101] used a 
single site mechanism, which suggested that adsorption and dehydrogenation of 
methanol and CO oxidation occurs both on the Pt-Ru catalyst sites. Using this single 
site concept, they studied the influence of the porous anode structure on anode 
polarisation with mathematical modelling and experimental verification. 
More recently computational fluid dynamic (CFID) modelling techniques have 
provided a different approach to mechanistic modelling of the fuel cell [75]. Wang et 
al., [102] proposed a comprehensive two phase model for a DMFC using CFD. The 
model considered convection and diffusion of both the gas and liquid phases in 
addition to the cathode and anode reactions. Similarly Murdia et al., [103] described 
a one-dimensional, two-phase, multi-component steady-state model based on 
phenomenological transport equations for the catalyst layer, diffusion layer, and 
polymer membrane for a liquid-feed DMFC. Meyers and Newman [104-106] 
developed a theoretical framework that described the equilibrium of multi-component 
species in the membrane. The transport of species in the membrane based on 
concentrated-solution theory, transport phenomena in the porous electrodes and 
membrane swelling was taken into consideration as well. In addition they also 
proposed a simple kinetic based model to predict the anode polarisation curve for a 
DMFC. Based on the Myers and Newman simplified anode model Garcia et al., [107] 
proposed a one dimensional cell model for inclusion in a real time simulation for 
system or stack studies. The model accounted for methanol oxidation at the anode, 
methanol crossover through the membrane and the mixed potential at the cathode. 
Although a significant amount of research has been undertaken in DMFC modelling, 
a number of unresolved issues remain, particularly in support of the emerging 
portable designs and systems. Modelling work in the area of micro-fluidic theory for 
portable systems including the effects of channel geometry and wettability 
characteristics of the gas diffusion layer on fluid flow in the anode or cathode remains 
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a challenge [77]. Another area is the numerical modelling of two-phase flows (both at 
the anode and the cathode) with parallel experimental studies on the visualization of 
these phenomena. Despite significant research there is still limited understanding of 
the mechanism of methanol oxidation on dual site Pt-Ru catalyst [19]. Improved and 
validated mechanistic models are also required to enable better design of fuel cells 
and its components [78]. For systems analysis and real time simulation where 
calculation economy is necessary, there is also a need for a simplified model that has 
as inputs, a limited number of parameters, such as potential, methanol concentration 
and cell temperature to reliably predict the cell current density. 
To address some of these issues, in this research work, kinetic based models to 
understand the mechanism of methanol oxidation on dual site Pt-Ru catalyst are 
developed in Chapter 5 [37]. In addition, a simplified model with a limited number of 
parameters as inputs is also proposed in chapter 5 to predict the cell current density 
[38]. A semi-empirical model taking into effect the methanol crossover effect to 
overcome the limitation of Scott et al., [79] model is proposed in Chapter 6. 
2.8. Conclusions 
The DMFC is a promising power generation system with a range of possible 
applications. To overcome the current limitations of DMFC there is a need to identify 
improvements in overall reaction kinetics (catalyst), mass transport limitations (gas 
diffusion layer and flow field designs), membrane properties and design (crossover) 
of DMFC. This is possible with steady state models focusing on the specific area of 
interest. For example, a kinetic based model for the DMFC anode can help identify 
the rate determining reaction step and the behaviour of the different reaction 
intermediates on the catalyst site, which in turn can help understand the methanol 
oxidation mechanism. 
A steady state model to understand the impact of mixed potential due to methanol 
crossover can help identify those conditions, which can either inhibit the reaction of 
methanol on the cathode or assist in finding an alternative catalyst. Such modelling 
approaches will allow detailed studies to be undertaken pertaining to the 
development of DMFC's. In addition, with the potential to be used in a real time 
simulation, these detailed models will be of interest in predicting the cell performance 
in whole system or fuel stack studies. 
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In theory, as discussed in section 2.2, the working principles of the DMFC appear 
simple but in reality it is supported by a complex mechanism which, to date, is not 
clearly understood. DMFC performance is influenced by physical, electrochemical, 
design and operating parameters and their interactions. Consequently optimisation of 
the process is challenging due to the number of permutations involved. One 
approach to attain a better understanding of the interactions is through the 
application of experimental design. 
The cell operating conditions including temperature, pressure, methanol 
concentration and reactant flow rates can be manipulated to optimise cell 
performance but at the cost of high methanol crossover resulting in a loss of system 
efficiency. The adoption of a systematic approach through design of experiments can 
help identify the most suitable conditions for DMFC operation taking into account the 
negative effects such as methanol crossover. The optimisation of a MEA is another 
key area where experimental design can be applied. Since there are different ways to 
construct a MEA, as discussed in section 2.3.1, each of the variables involved in 
MEA fabrication and their interaction have a significant impact on the overall 
performance of a DMFC. It is hypothesised that through the application of statistical 
design the key variables and their interactions can be studied, thereby identifying 
combination that achieves overall MEA optimisation. In the following Chapters 3 and 
4, this proposed technique of experimental design has been put to test and attempt 
has been made to show that experimental design can be a valuable tool for 
understanding complex parameters and their interactions affecting the DMFC 
operation. 
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Chapter 3 
PARAMETRIC STUDY USING- DESIGN OF 
EXPERIMENTS 
3.1. Introduction 
Two key barriers to the commercial exploitation of a DMFC, as identified in Chapter 
1, are its poor anode performance and the methanol crossover through the NafionS 
membrane [5,9,26,40,50]. To overcome these limitations, recent trends have been 
to focus on the optimisation of the Membrane Electrode Assembly (MEA) and to 
investigate alternative membrane fabrication techniques. This has resulted in less 
research being undertaken into parametric studies. However, recent parametric 
studies by Ge et al., (2005) [33] have shown that some limitations of the DMFC can 
be addressed by modifying basic operating conditions. 
A number of studies have been undertaken in the past to investigate the effects of 
various operating conditions such as cell temperature, methanol concentration, 
cathode back pressure, flow rates of reactant and type of oxidant on the performance 
of the DMFC [32,41,92,108,109]. However, the majority of these have not fully 
addressed the current limitations in DMFC technology due to one or more of the 
following reasons: 
i) The majority of the parametric studies looking to understand the issues 
limiting DMFC performance were based on a one-factor-at-a-time (single 
factor analysis) experimental approach [32-34,36,108,109]. These studies 
fail to take account of any interactions between operating conditions that have 
an effect on the performance of the DMFC. Additionally in these parametric 
studies, conclusions drawn were solely based on the cell polarisation data. 
Cell polarisation data alone is not sufficient to explain various phenomena. 
Other factors to be considered include methanol crossover, which affects the 
overall cell performance. 
ii) Researchers studying the development of DMFCs using a parametric 
approach, rarely make use of standard test conditions. To maximise DMFC 
performance, some published work have reported results of experiments 
-34- 
Chapter 3: Parametric Study using Design of Experiments 
undertaken at extreme values of operating conditions at the cost of system 
efficiency or alternatively with high catalyst loadings [32,36,108-110]. To 
address this situation the European Commission is aiming to standardise 
methodologies and fuel cell testing procedures (Fuel Cell Testing, Safety and 
Quality Assurance, FCTESOA) [111 ]. 
iii) The number of experimental runs required to investigate the range of factors 
involved in a DMFC performance study is significant and hence such studies 
are expensive. For example in recent work Ge et al., (2005) [33], undertook 
63 experimental runs to investigate 5 operating factors. Despite the large 
number of experimental runs, they were unable to explain the significant 
interactions between the parameters. Additionally their study did not include 
significant factors such as type of oxidant and the pressure at cathode. 
iv) Variability in the performance of a DMFC is another critical issue. Variability 
arises due to several factors such as non-identical functioning of the 
electrodes (anode and cathode), which is mainly due to the complex structure 
of the MEA, inconsistency in MEA fabrication and the complex reaction 
mechanism. Additionally, variability due to loss of performance of the DMFC 
through continuous use of the same MEA as a result of catalyst poisoning is 
also an issue [35). 
In summary, there is a need for a statistical framework that allows the main effects 
and interactions between various operating factors on DMFC performance to be 
examined and analysed, as well as a method that takes into account the underlying 
variability. Cell polarisation alone is not the only key indicator of DMFC performance. 
Other criteria such as anode polarisation and methanol crossover are also required 
to be considered. 
The objectives of this chapter are therefore to: 
Apply statistical experimental design to enable the impact of different 
operating factors such as temperature, pressure, methanol concentration, 
air/oxygen supply, flow rate of reactants and their interactions on the 
performance of a single DMFC to be investigated. 
Identify an 'industrially' realistic set of operating conditions that give 
'maximum' power, 'high' anode limiting current and 'low' methanol crossover 
rate. 
a Confirm the results of the statistical analysis and hence optimise overall fuel 
cell performance by limiting the methanol crossover effect 
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3.2. Design of Experiments 
DMFC studies have made extensive use of one-factor-at-a-time approaches (i. e. 
single factor analysis). This approach is based on selecting a baseline set of levels, 
for each factor in the experiment, then varying each individual factor over its range 
but keeping the other factors at a constant baseline level. The data generated by this 
method is then used to illustrate how the response variable of interest is affected by 
each factor. The major limitation of this strategy is that it fails to consider any 
possible interactions between the factors due to the number of permutations required 
[112,113]. In a DMFC, factors interact and hence a single factor analysis would fail 
to capture such behaviour. Compounding this challenge is the need to incorporate, 
within the analysis, the fact that significant variability is associated with DMFC 
experimentation. 
One definition of statistical design of experiments (DOE) is "the process of planning 
the experiment so that appropriate data that can be analysed by statistical methods 
will be collected, resulting in valid and objective conclusions" [113]. In an 
experimental design, the factors chosen for study are varied systematically to allow 
the investigation of both single factors and their interactions. Planning and design is 
the key to the successful implementation of experimental design. In particular the 
selection of factors, their levels, and the choice of response variable determine the 
structure and form of the experiment. 
3.2.1 Selection of Response Variables 
There are number of metrics to measure the performance of a DMFC including fuel 
cell efficiency, fuel utilisation, cell limiting current, current density at a particular cell 
voltage and peak power output. Power density, which is a product of cell voltage and 
cell current density, gives a good indication of performance for various current 
densities, whilst the anode limiting current and methanol crossover are the best 
indicators of cell limiting current and fuel cell efficiency respectively. Consequently 
peak power density, methanol crossover rate and anode limiting current were 
selected as the response variables. The rationale for selecting the last two was to 
overcome the issue that operating parameters can be pushed to extremes to ensure 
maximum power is achieved, even though the parameters are unrealistic for 
application in practice. 
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3.2.2 Selection of Factors and their Levels 
After selecting the response variables, the factors and their levels are determined. 
The factors considered in this parametric study, that are thought to influence 
maximum power output, methanol crossover rate and anode limiting current, are 
summarised in Table 3.1 along with their levels. The factors were identified utilising 
the results from previous parametric studies [32-34,108,109). To investigate the 
effect of oxidant on the peak power output, a categorical factor, type of oxidant at the 
cathode, was included in the design. The next step in the design phase is the 
selection of the experimental design. 
Factors V-1111 I -U, I -- - 
(0) 
Cell Temperature (''C) 60 75 90 
Methanol feed concentration (M) 123 
Type of oxidant at cathode (Categorical) Air -- Oxygen 
Flow rate of methanol (ml min") 3.4 5.0 6.60 
Flow rate of oxidant (ml min-) 300 400 500 
Back pressure at cathode (MPa) 0.1 0.15 0.2 
Table 3.1: The factors and levels selected for the parametric study 
3.2.3 Choice of experimental design 
Factorial designs are one of the most efficient methods to study the effect of two or 
more factors and their interactions on the outcome (response) of an experiment 
[113]. In a 2' factorial design, 'k' factors are investigated at two levels, termed high 
and low. One of the issues with 2' designs is that the number of experiments doubles 
with each additional factor [112,1131 thereby impacting on the length of time to 
perform the study and the quantity of materials or other resources required. In these 
situations, partial or fractional factorial designs may be more appropriate. A fractional 
factorial design is characterised by its resolution level which is defined in terms of the 
confounding pattern, that is the inability to distinguish between the effects of certain 
factors [112,113]. For example, for a Resolution III study each main effect is 
confounded with one or more higher order interaction. Resolution III are efficient 
designs enabling a significant number of factors to be tested using a limited number 
of experiments. In practice they are used to investigate robustness and realise the 
initial screening of the factors. A Resolution IV design, allow the main effects to be 
investigated but the 2-factor interactions are confounded with each other. Resolution 
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IV designs provide greater confidence with respect to the impact of the main effects 
compared to a Resolution III design. In fractional factorial design, after full factorial 
designs, Resolution V studies are considered to be the next most desirable as they 
allow all the main effects and 2-factor interactions to be investigated. 
For this research, the six factors detailed in Table 3.1 were investigated. A2 k-1 
fractional factorial design with two centre points will result in a Resolution V design. 
This design can be augmented to a full factorial or a central composite design to 
allow the investigation of additional higher order interactions that may be of interest. 
Moreover replicates of the centre points allow the variability in the design to be 
calculated and also identify any curvature in the resulting model. The experimental 
runs were randomised to satisfy the statistical requirement of independence. Table 
3.2, summarises the design matrix for the parametric study and Table CA in the 
Appendix C gives the measured responses. 
2 34 Center 75 2 5 400 0 15 OXYGEN 
3 32 Fact 90 1 3.4 500 0.1 AIR 
4 11 Center 75 2 5 400 0.15 AIR 
5 15 Fact 60 3 3.4 500 0.1 AIR 
6 22 Fact 60 3 3.4 300 0.1 OXYGEN 
7 6 Fact 90 3 3.4 300 0.1 AIR 
8 27 Fact 90 3 6.6 300 0.1 OXYGEN 
9 13 Fact 90 3 3.4 500 0.1 OXYGEN 
10 17 Fact 90 1 3.4 500 0.2 OXYGEN 
11 io Fact 60 3 6.6 300 0.1 AIR 
12 5 Fact 90 3 3.4 300 0.2 OXYGEN 
13 4 Fact 60 3 6.6 500 0.1 OXYGEN 
14 7 Fact 60 3 6.6 500 0.2 AIR 
15 12 Fact 60 1 3.4 300 0.2 OXYGEN 
16 31 Fact 60 1 6.6 500 0.2 OXYGEN 
17 21 Fact 60 1 3A 500 0.2 AIR 
18 2 Fact 90 1 3.4 300 0.1 OXYGEN 
19 33 Fact 60 3 3.4 500 0.2 OXYGEN 
20 1 Fact 60 1 3.4 300 0.1 AIR 
21 29 Fact 60 1 3.4 500 0.1 OXYGEN 
22 25 Fact 60 1 6.6 500 ol AIR 
23 26 Fact 60 3 3.4 300 0.2 AIR 
24 16 Fact 90 3 6.6 500 0.1 AIR 
25 8 Fact 60 1 6.6 300 0.1 OXYGEN 
26 18 Fact 90 1 6.6 300 0.2 OXYGEN 
27 28 Fact 90 1 6.6 300 0.1 AIR 
28 30 Fact 90 1 6.6 500 0.2 AIR 
29 14 Fact 90 1 6.6 500 0.1 OXYGEN 
30 9 Fact 90 3 6,6 3DO 0.2 AIR 
31 20 Fact 90 3 3.4 500 0.2 AIR 
32 35 Center 75 2 5 400 0.15 OXYGEN 
33 36 Fact 90 3 6.6 500 0.2 OXYGEN 
34 24 Center 75 2 5 400 0.15 AIR 
35 3 Fact 60 3 6.6 300 0.2 OXYGEN 
36 19 Fact 60 1 6.6 300 0.2 AIR 
Table 3.2: 2k-1 fractional factorial design matrix for the parametric study 
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3.3. Experimental Setup 
A single graphite (Ralph Coiden) fuel cell assembly etched with seven parallel 
channels (30mm X 1mm X 2mm) creating an active surface area of 9 CM2 , Figure 
3.1, was used. The MEA is placed between two graphite or flow field current 
collectors where the ridges between the channels of the graphite cell assembly 
provide the electrical contact to the MEA. The electrical contacts to the current load, 
are made using gold-plated metallic bolts screwed into the graphite blocks. Flexible 
electrical heaters (Watson Marlow) are mounted at the rear of the graphite blocks to 
maintain the desired cell temperature, which is controlled through a PID controller 
and monitored by a thermocouple positioned inside one of the two graphite blocks. 
The heaters are pressed against the graphite blocks by using two steel backing 
plates which are compressed to a torque of 2 Nm to evenly distribute the load and 
maintain the sealing across the MEA surface. 
3.3.1 MEA Fabrication 
An in-house manufactured membrane electrode assembly (MEA) was used [114] in 
this study. The electrodes were fabricated using 1 MgptCM-2 Pt-Ru/C catalyst (60 
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Figure 3.11: DMFC single cell assembly (a) Graphite fuel cell assembly, (b) Carbon cloth, 
ETEK ELAT LT 1400 W (woven), (c) Toray paper, TGP 090 20% WP, (d) Nafione 117 
membrane and (e) Final assembled MEA. 
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%. wt) with 1: 1 platinum to ruthenium atomic ratio at the anode and 1 MgptCM-2 pt/C 
catalyst (60 %. wt) at the cathode. Catalyst layers containing 20 %. wt Nafione 
ionomer were applied onto a micro porous layer of 0.5 MgKB CM-2 (Ketjen Black) with 
20 %. wt polytetrafluoroethylene (PTFE) binder deposited onto a TGP-090 20% wet 
proof gas diffusion layer. The electrodes were hot pressed on to a Nafione 117 
membrane at 140 'C under a load of 50 kg CM-2 for 10 minutes and allowed to cool 
under pressure. 
3.3.2 Fuel Cell Test Rig 
The fuel cell test rig [114], as shown in Figure 3.2, was used to perform in situ 
experiments. To improve the repeatability and speed of testing, an automated system 
was designed and installed. Data were collected potentiostatically and at a 
potentiodynamic sweep rate of 2 MV S-2 . The collection of data at this rate resulted in 
a significant number of data points. Hence to simplify the process, a programme was 
developed in LabVIEW [115] to select the data at the desired potential, such as the 
anode response at 700 mV, cell and anode response at 10 mA CM-2 , and also allow 
the computation of the cathode polarisation curve by summing the cell and anode 
response. 
TI: Temperature Indicator 
FC: Flow Controller 
Figure 3.2: Schematic representation of the DMFC test rig [114] 
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In the fuel cell test rig, Figure 3.2, a Watson Marlow 101 U/R peristaltic pump was 
used to pump aqueous methanol from a glass sump to the anode compartment of the 
fuel cell. The un-reacted methanol was returned to the feed solution. The carbon 
dioxide produced during the reaction was vented into the atmosphere after the 
methanOlIC02 mixture had been passed through the condensing unit. Unheated and 
non-humidified air or oxygen (BOC) was supplied to the cathode from a regulated, 
filtered compressed air supply, through a rotameter for flow measurement. Exhaust 
from the cathode was passed through a 'Condenser with/without back pressure 
depending on the experimental run before venting it into the atmosphere. 
3.3.3 Experimental Procedure 
The following three experimental procedures were implemented to realise informative 
conclusions about fuel cell operation. 
Cell Polarisation: Steady state galvanic polarisation was used to evaluate the 
performance of the DMFC. The cell was fed with aqueous methanol at the anode and 
air/02 at the cathode, for specific methanol concentrations, reactant flow rates, cell 
temperatures and pressures. The load was controlled by a variable resistor and a 
milli-ammeter. The cell open circuit voltage (OCV) was measured at zero load and 
then cell voltages were recorded for increasing load conditions by decreasing the 
variable resistance. To prevent the cell from damage, data were collected up to a 
steady state voltage of 100 mV which is close to the cell limiting current. Each test 
was repeated several times, generally three, to investigate repeatability and the data 
from the last test when constant performance was achieved was plotted to obtain the 
classical fuel cell polarisation curve and the power density curve. 
Anode Polarisation: Anode data was collected using the cathode as a pseudo- 
reference electrode. 5 %. vol hydrogen in a nitrogen stream at very low flow rates was 
fed to the cathode. The terminals of the voltmeter in the test rig were then reversed 
and the cell was polarised between the OCV and 700 mV [114]. 
Crossover current: To measure the methanol crossover rate, aqueous methanol 
was passed through the anode and nitrogen gas was fed to the cathode at various 
flow rates, with/without back pressure. The power supply poles were reversed and 
the methanol which had crossed through the membrane from the anode to cathode 
was oxidised at the cathode. The cell was polarised at high potentials, -900 to 
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1000 mV, and the limiting current obtained for complete oxidation of crossover 
methanol at the cathode was measured. This limiting crossover current was used in 
the calculation of methanol crossover [62]. 
After setting the operating conditions for each experimental run, Table 3.2, the cell 
polarisation data, anode polarisation data and methanol crossover current were 
collected. Performing the crossover current procedure at the end of each 
experimental sequence slightly improved cell performance. This was potentially due 
to removal of solvents or methanol residues deposited on the active catalyst site 
[114]. To reduce this post-effect of cell cleaning and methanol crossover, the cell was 
set to new operating conditions and allowed to stabilise for approximately 2 hrs. After 
stabilising, 10 to 15 cell polarisation cycles were performed until constant 
reproducible performance was achieved. 
3.4. Analysis of Fractional Factorial Design 
A fractional factorial, 2" = 26-' = 32 run, with two centre points for each level of 
categorical factor (type of oxidant) and defining relation I=ABCDEF was used to 
analyse the DMFC peak power performance. The statistical analysis was performed 
using Design Expert software (version 6.0.11) from Stat Ease, Inc [116]. 
The DMFC, as discussed previously has significant variability associated with its 
response due to the complex fabrication technique, reaction mechanism and 
experimental error. The variability associated with DMFC performance can be 
observed from the two centre point runs executed for the two levels of type of 
oxidant, Figures 3.3. a and 3.3. b. The centre point experimental runs at a cell 
temperature of 75 OC using 2M methanol at a flow rate of 5 ml min-' with oxidant at a 
flow rate of 400 ml min-', Figures 3.3. a and 3.3. b, illustrates the variability in the 
performance of DMFC, when utilising the same MEA. It can be observed that there is 
less variation in the anode response compared to the peak power and cell response, 
indicating that the variation in cathode performance is the key reason behind the 
variability in cell performance. Experimental design allows the effect of both factors 
and their interactions on the DIVIFC response to be analysed whilst taking into 
account the associated variability. 
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Figure 3.3: DMFC characteristics curves for centre point runs showing the variability 
associated with DMFC performance using (a) oxygen at cathode and (b) air at cathode. 
3.4.1 Peak Power Analysis 
The half normal plot and the effects contribution plot for the peak power analysis are 
shown in Figures 3.4. a and 3.4. b respectively. A half normal probability plot is a 
graph with y-axis scaled by cumulative probability so that data that do not influence 
the response fall on the straight normal line [113,117] . 
Half normal plot helps in 
visual identification of influential effects and interactions which fall away from the 
normal straight line. It can be observed that the influential factors affecting the peak 
power performance on the basis of half normal plot were type of oxidant (F), 
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temperature of the cell (A), methanol concentration (B), back pressure (E) and the 
interaction of temperature with the aforementioned factors. The effects contribution 
plot in Figure 3.4. b showed that the anode flow rate (contribution = 0.02%) and the 
cathode flow rate (contribution = 0.20%) did not appear to have a significant effect on 
the peak power performance of the cell compared to the other main effects (factors 
A, B, E and F) and two factor interactions (AE, AB and AF). Similarly the third order 
interactions were insignificant (contribution = 2.09%) compared to the main effects 
and the second order interactions and thus was removed from the subsequent 
analysis. 
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-44- 
Chapter 3: Parametric Study using Design of Experiments 
The analysis of variance (ANOVA) output from Design Expert based on the factors 
selected using the half normal plot is given in Table 3.3. The ANOVA is a commonly 
used statistical tool to analyse the effect of factors and their interactions on the 
measured response [113,117]. The various statistical calculations used in the 
ANOVA table are described in detail in the Appendix D. 
From the ANOVA table in Table 3.3 it can be concluded that ail the factors (A, B, E, 
and F) and two factor interactions (AB, AE, and AF) are significant with the P-values 
being less than the selected significance level of 0.05. Similarly the overall model, 
including the aforementioned terms, is also significant (P<0.05). The factors and their 
interaction were initially chosen on the basis of the half normal probability plot and 
the effects contribution plot, Figures 3Aa and 3.4. b. However, the selection of 
factors and their interactions were also cross verified, using an ANOVA approach. 
For this approach, each term was included in the model and its significance and 
overall impact was analysed using the appropriate F-statistic. The factor or 
interaction was removed from the model if the resulting P-value was larger than the 
chosen significance level of 0.05. 
Response: Peak Power 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Model 9185.11 7 1312.16 71.36 < 0.0001 .... Significant 
A 1794.15 1 1794.15 97.57 < 0.0001 
B 1753.06 1 1753.06 95.34 < 0.0001 
E 1048.71 1 1048.71 57.03 < 0.0001 
F 3570.86 1 3570.86 194.20 < 0.0001 .... Significant 
1 
AB 3`10.94 1 310.94 16.91 0.0003 
AE 446.59 1 445.59 24.23 < 0.0001 
AF 261.80 1 261.80 14.24 0.0008 
Curvature 20.72 1 20.72 1.13 0.2978 .... not significant 
Residual 496.46 27 18.39 
Lack of Fit 471.63 25 18.87 1.52 0.4734 .... not significant 
Pure Error 24.83 2 12.41 
Cor Total 9702.29 35 
I Std. Dev. 1 4.29 9 1 R-Scluared 0.95 
Mean 1 35.27" 1 Adj R-Squared 1 0.94 
Final Equation In Terms of Coded Factors: 
Peak Power = +35.00 +7.49*A -7.40*B +5.72*E +9.96*F -3.12*A*B +3.73*A*E +2.86*A*F 
Final Equation In Terms of Actual Factors: 
Categorical Factor I (AIR): 
Peak Power =+ 24.33 -0.022*A + 8.184* B -2 58.66*E -0.207*AB +4.975*AE 
Categorical Factor 2 (OXYGEN): 
Peak Power =+ 16.648 + 0.359*A +8.184*B -258.66*E -0.208*AB +4.975*AE 
Table 3.3: Analysis of Variance (ANOVA) output for peak power analysis 
The addition of centre points allows the presence of curvature/non-linearity in the 
response to be investigated. The ANOVA output shows that there is no evidence of 
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curvature in the peak power data (P= 0.2978 >0.05). The lack of fit test compares the 
error from the excess design points, i. e. those not used in the model, with the pure 
error from the replicated design points [112,113,117]. The ANOVA output in Table 
3.3 shows that the lack of fit test is not significant; hence the variation in the excess 
design points does not significantly differ from the variation in the replicated points. 
The validity of the model fit is further investigated through a residual analysis, Figure 
3.5. From Figure 3.5. a. it can be seen observed the residuals are normally distributed 
whilst the random scatter of the residuals, Figures 3.5. b. indicates that the residuals 
exhibit constant variance, confirming that the underlying model assumptions are 
satisfied. A plot of residual versus experimental run is depicted in Figures 3.5. c. The 
plot should be random but the presence of a trend in Figure 3.5. c indicates that there 
is potentially a run dependent variable present in the experimentation. At the end of 
each experimental run the methanol crossover current was measured by passing 
nitrogen. at the cathode side. This procedure cleaned the cathode side by removing 
any extra solvents or methanol residues deposited on the active catalyst site and has 
previously been observed to improve the DMFC performance [114]. This slight 
improvement in performance and the use of the same MEA for the whole analysis 
may have been the reason for the trend. The experimental runs were randomised as 
shown in Table 3.2 and were performed over a number of weeks without blocking as 
the experiment was carried out by a single experimenter utilising the same cell. Thus 
in addition to the improvement in the performance being associated with cell 
cleaning, the change in raw materials or other uncontrolled effects like temperature of 
the laboratory and efficiency of the experimenter could also contribute to the trend. 
3.4.1.1 Effect of Two Factor Interactions 
A resolution-V design was selected for the peak power analysis as it ensured that 2- 
factor interactions were not aliased with other effects. Figure 3.6 shows the 2-factor 
interactions affecting the DMFC peak power response using air and oxygen at the 
cathode. Due to the presence of second order interactions, these factors are 
investigated to identify the 'optimal combination' to ensure 'maximum peak power'. 
The '4,. ' in these plots depict the centre point experimental runs at 75 OC, using 2M 
methanol at a flow rate of 5 ml min-' and oxidant at the a rate of 400 ml min-' with 
0.15 MPa back pressure for air and oxygen respectively. The spread of these centre 
point runs indicate the variability present in the design. The experiments were 
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performed using the same MEA. However the variability may be due to the non- 
identical behaviour of the electrodes (anode and cathode) under same operating 
conditions, the degradation of the electrodes due to methanol crossover and catalyst 
poisoning or uncontrollable factors such as variation in the laboratory temperature. 
As stated previously, the experimental design took account of this variability. 
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3.4.1.1.1 Cell temperature and Methanol concentration 
Figures 3.6. a and 3.6. b demonstrate the influence of cell temperature (A) and 
methanol concentration (B) on peak power output, using air and oxygen at cathode 
respectively. It can be observed that a combination of low methanol concentration (1 
M) and high cell temperature (90 OC) favours high peak power for both types of 
oxidant (air/oxygen) at the cathode. It has been reported that a higher temperature 
(90 OC) improves both the methanol oxidation kinetics and the oxygen reduction 
kinetics at the anode and cathode respectively [34,118-120]. In addition, an increase 
-47- 
Chapter 3: Parametric Study using Design of Experiments 
in temperature increases the membrane proton conductivity and thus the peak power 
[6,33]. However, this advantage of high temperature is not beneficial at higher 
methanol concentration, as shown in Figures 3.6. a and 3.6. b. These figures indicate 
that due to the interaction of temperature with methanol concentration a combination 
of high temperature only with lower methanol concentration (1 M) is favourable for 
obtaining improved peak power from the DMFC irrespective of the type of oxidant. 
This is in accord with the current literature [24,33,92,109]. Due to poor methanol 
oxidation kinetics, a considerable amount of methanol is available at the anode 
catalyst layer when highly concentrated methanol (2 M and 3 M) is used as a fuel. 
The methanol transport through the membrane is a function of the methanol 
concentration at the anode catalyst layer and the cell current density [92). When a 
higher concentration of methanol is used at the anode, methanol crossover increases 
with an increase in current density, thereby reducing DMFC performance due to an 
increase in the mixed potential at the cathode. The situation is further exacerbated 
with an increase in temperature which in turn increases the mixed potential effect [25, 
121]. 
This interaction of temperature with higher methanol concentration (B+) is shown by 
the overlapping least significant difference (LSD) I rbar for low and high temperature 
using high methanol concentration (B+) in Figure 3.6. a, when air is used as an 
oxidant. LSD I -bar, described in detail in Appendix E, defines the interval about the 
mean with each bar set to one half of the test statistics least significant difference 
(LSD). When LSD I -bars overlap, it can be concluded that the high and low factor 
settings statistically have the same effect on the response variable [112,113,117]. 
Thus from Figure 3.6. a it can be confirmed that when higher methanol concentration 
is used at anode the cell temperature statistically have the same effect on the peak 
power due to increase in crossover and mixed potential effect at cathode. Overall it 
can be observed that, a reduction in methanol crossover through the membrane and 
increase in peak power can be achieved at high temperature with a combination of 
lower methanol concentrations (1 M). The influence of methanol concentration on 
crossover is later verified by analysing the crossover current response in section 
3.4.2. 
-48- 
IT, 
ou 
40 N 
E 
30 
A (U CL 20 
40 
30 
CL 
-Y A cu 20 
(Air) 
4 
10 67.50 75.00 82.50 90.00 
A, Cell Temperature (deq- C) 
(Air) 
. 
15 
61.26 
c4 
47.5 
Cl- 3375 
fý 
6125 
C4 
E 
47.5 
t 
33.75 
(b) 
B: Methanol Concentration (M) 
(Oxygen) 
)o 67.50 75.00 82.60 90.00 
Aý Cell Temperature (deg. C) 
(CI) 
ack pressure 
(Oxygen) 
60.00 6750 75.00 SISO 90.010 60.00 67,50 75 DO 82.50 90.00 
A Cell Temperature (deg. C) A Cell Temperature (deg. C) 
(e) 
60 - 
F: Type of O)ddant 
48.75 
E 
37.5 
4 
M aj a- 2625 -0 --- 
BODO 6750 75DO 82.60 90.00 
A Cell Temperature (deg C) 
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3.4.1.1.2 Cell temperature and Cathode back pressure 
Figures 3.6. c and 3.6. d, illustrate the effect of the cathode back pressure (E) on peak 
power using air and oxygen at the cathode respectively. From both plots, it can be 
observed that the effect of cathode back pressure depends on cell temperature (A). A 
combination of high temperature (90 *C) and high back pressure (0.2 MPa) increases 
the peak power from the cell whilst at low temperature (60 "C), a high back pressure 
in isolation does not influence peak power. This effect of back pressure at low 
temperature is evident from the overlapping least significant difference bar (LSD I- 
bar) of the high (E+) and low (E-) back pressure at a low level of cell temperature (60 
'C) in Figures 3.6. c and 3.6. d. 
Similar positive slopes of temperature with high cathode back pressure (E+), Figures 
3.6. c and 3.6. d, for air and oxygen signify that a high back pressure increases the 
power output irrespective of the type of oxidant used at the cathode. A high back 
pressure at the cathode increases the partial pressure of oxygen available for 
reduction at the cathode. More specifically, a high partial pressure of oxygen, favours 
oxygen reduction at the cathode and also impedes methanol chemisorption on the 
cathode surface thereby improving DMFC performance [6]. In a DMFC, a high 
cathode back pressure is desirable to achieve high oxygen reduction rates in the 
presence of methanol crossover [6,25]. This effect is observed at high temperatures 
since the improvement of oxidation kinetics at the cathode materialise in an increase 
in peak power output. In contrast, for a lower back pressure and cell temperature, the 
oxidation kinetics at the cathode is reduced due to a reduction in the availability of 
oxygen, resulting in a lower peak power response. 
3.4.1.1.3 Cell temperature and Type of oxiclant 
Figure 3.6. e, examines the effect of cell temperature and type of oxidant (air and 
oxygen) interaction on the peak power response. It is evident that the use of pure 
oxygen (F+) outperforms the use of air (F-) at the cathode. This distinction increases 
with an increase in cell temperature. The oxygen reduction reaction has a positive 
reaction order and an increase in the oxygen partial pressure significantly affects the 
thermodynamic equilibrium potential at the cathode [34]. Moreover at higher 
temperatures, the rate of water and methanol permeation increases through the 
membrane. At elevated temperatures (above 60 OC), methanol and water vaporise at 
the cathode decreasing the oxygen solubility in the liquid diffusion film at the active 
cathode catalyst surface. When pure oxygen is used, the concentration gradient 
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remains sufficiently steep to saturate the cathode catalyst with enough oxygen so 
that it can compete with the presence of methanol on the active cathode catalyst site. 
In contrast, when air is used at the cathode, the relatively small amount of oxygen in 
air reduces the driving force of oxygen diffusion through the electrodes and as a 
result, the oxidant partial pressure at the cathode catalyst is lower [34]. This 
reduction in oxygen availability worsens with additional dilution by the methanol and 
water vapour resulting in poor DMFC performance [33,109]. 
3.4.1.2 Effect of Methanol Flow Rate 
The methanol flow rate in the parametric design was not observed to affect the peak 
power performance. The approximately horizontal regression line for methanol flow 
rate with both air and oxygen as oxidant, Figures 3.7. a and 3.7. b, confirms that it is 
not an influential factor affecting cell performance. 
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The settings for methanol flow rate (3.4 to 6.6 ml min-) was too narrow (range = 3.2 
ml min-) to allow the identification of whether methanol flow rate impacts on peak 
power performance. This result was in accordance with that reported by Ge et al., 
(2005) [33], where it was observed that an methanol flow rate in the range 5 to 8 ml 
min-' did not have a significant effect on DMFC performance. This was in contrast to 
the results attained for a range of 0.5 to 10 ml min-'. To verify this, additional 
experiments were carried (Appendix F), which showed that DMFC performance is 
affected by the methanol flow rate but only when operated at high flow rates. 
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3.4.1.3 Effect of Oxidant Flow Rate 
Similar to methanol flow rate, the parametric design did not identify any significant 
influence of the oxidant flow rate on peak power performance, Figure 3.8. 
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Figure 3.8: Results showing the effect of oxidant flow rate on the peak power performance. 
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Ideally, operation of the cell under load at a current density of 200 mA CM-2 would 
require 8 ml min-' of pure oxygen to operate at a stoichiometry of 1 at 90 OC [114]. 
Based on previously reported results [33,34,56,114], to prevent the flooding of 
cathode by removing liquid water from the gas diffusion layer and overcome the 
hindrance of oxidant flow to the active cathode catalyst sites, in this study the level 
settings for the oxidant flow rate was set between 300 and 500 ml min-'. Since the 
statistical analysis could not identify any significant effect, it was decided to 
investigate value outside this range (200 to 2000 ml min-'). The results of this study 
are given in Appendix F, which confirmed that oxidant flow rate does affect peak 
power performance, but only if operated at high oxidant flow rates. A high oxidant 
flow rate increases the partial pressure of oxygen on the cathode side and effectively 
removes the product water formed at the cathode thereby increasing DMFC 
performance [34]. However a balance of methanol flow rate and oxidant flow rate is 
required as an excess of these reactants would have a significant negative effect on 
system efficiency. 
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3.4.2 Crossover Current Analysis 
Along with peak power, the crossover current for each of the experimental runs, was 
also measured by passing nitrogen instead of oxidant at the cathode. Hence type of 
oxidant (F) was removed from the analysis resulting in a full factorial design using 5 
factors (2k = 2,5= 32 runs) with 4 centre points The methanol crossover effect can be 
estimated either by using the crossover current directly as the response or by using 
the diffusion coefficient, Qi et al., (2002) [62]. 
Dm, =iX 
'Afen? 
nFC, 'f', ' 
3.1 
where Dm, is the diffusion coefficient of methanol through the Nafion@ membrane, 
is the thickness of the membrane = 200 pm for Nafion@) 117), n is the 
number of molecules involved in the methanol oxidation reaction (n=6), F is the 
Faraday constant (96487 C mol-1), and CA,, ' is the concentration of methanol at the 
anode catalyst layer. 
In this study, the concentration of methanol at the anode catalyst layer was assumed 
, to be the same as the concentration of methanol at feed. Based on this assumption, 
the results for crossover current and the diffusion coefficient result in the same 
conclusions since crossover current is the only variable which varied for different 
methanol concentrations. Consequently only the results for the direct measurement 
of crossover current are reported. 
Figure 3.9. a, identifies the influential factors and interactions that impact on 
crossover current. The key factors and interactions are methanol concentration (B), 
temperature of cell (A) and their interaction (AB). Figure 3.9. b shows the percentage 
contribution of the various factors and the interactions on the methanol crossover 
current. It can be observed from the effects contribution plot that methanol 
concentration (B) is important in terms of influencing methanol crossover with an 
effective contribution of 73.27%. Based on the half normal plot and effects 
contribution plot, an ANOVA was undertaken, Table 3.4. 
From the ANOVA, it can be concluded that the temperature of the cell and the 
concentration of methanol along with their interaction were significant. The ANOVA 
also identified that significant curvature was present (P=0.0026<0.05). To investigate 
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further the results of the ANOVA, a model residual analysis was performed, Figure 
3.10. 
(a) 
F 
(Z 
m: 
99 
97 
95 
90 
85 
80 
70 
60 
40 
20 
0 
(b) 
A 
20.14% 
A: Temperature 
C: Anode flow rate 
E: Cathode back pressure 
lEffectl 
B 
73.27% 
E 
Curvature__------ 0.06% 
2.87% D 
other 2-Factor 
Xhig 
r 0.16% ! he order AB C 
interactions interactions 3.05% 0.01% 
0.19% 0.24% 
B: Methanol concentration 
D: Cathode flow rate 
AB: 2-Factor Interaction 
Figure 3.9: Influential factors and interactions affecting the methanol crossover current 
response (a) Half normal plot and (b) Effects contribution plot 
The normal probability plot of the residuals, Figure 3.10. a, showed that the residuals 
were not normal. The residual vs. fitted values, in Figure 3.10. b, illustrated the 
presence of heterosedastic noise [117]. Consequently the underlying statistical 
assumptions of independence, identically distributed, normality and constant 
variance were not satisfied. 
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Response: Methanol Crossover Current 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF jqa! re Value Prob >F Comment 
Model 410479.10 3 136826.37 743.37 < 0.0001 .... Significant A 80566.00 1 80566.00 437.71 < 0.0001 ... . Significant B 323680.52 1 323680.52 1758.54 < 0.0001 .... Significant AB 6232.58 1 6232.58 33.86 < 0.0001 .... Significant Curvature 1972.71 1 1972.71 10.72 0.0026 
.... Significant Residual 5705.92 31 184.06 
Lack of Fit 5680.67 28 202.88 24.10 0.0115 .... Significant Pure Error 25.25 3 8.42 
Cor Total 418157.73 35 
ISIA. Dev. 1 ý7 R-Squared 
IMean 1 237.68 11 Adj R-Squared 1 0.98 1 
Final Equation in Terms of Coded Factors: 
Crossover Current = +235.06 +50.18*A + 100.57*13 +I3.96*A*B 
Final Equation in Terms of Actual Factors: 
Crossover Current = -77.413 +1.484*A +30.794*13 +0.93*A*B 
Table 3A ANOVA output for methanol crossover current 
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Figure 3.10: Residual analysis (a) Normal probability plot of residuals, (b) Residuals vs. 
predicted values 
To address the issue of heterosedastic noise, a log transformation of the response 
was taken [112,117,122]. An increase in variability with an increase in cell current 
density can be a potential cause for the heterosedastic noise in the response. Table 
3.5, reports the analysis for the log transformed crossover current response. 
The ANOVA, in Table 3.5, showed that the cell temperature (A), methanol 
concentration (B) and their interaction (AB) were significant. Additionally the model 
also identified that the curvature was present in the design due to the quadratic 
nature of cell temperature (A 2) . The overall model was significant and was able to 
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describe 99% of the variability about the mean. A residual analysis was performed to 
further validate the model, Figure 3.11. 
Response: Methanol Crossover Current (Loglo Transformed) 
Analysis of variance table (Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Model 1.69 4 0.42 966.38 < 0.0001 .... Significant 
A 0.33 1 0.33 759.24 < 0.0001 .... Significant 
B 1.31 1 1.31 3004.78 < 0.0001 .... Significant 
A2 3.42E-02 1 0.03 78.19 < 0.0001 .... Significant 
AB 1.02E-02 1 0.01 23.34 < 0.0001 .... SignifiGant 
Residual 1.36E-02 31 4.37E-04 
Lack of Fit 1.35E-02 28 4.82E-04 20.47 0.0146 .... Significant 
Pure Error 7.06E-05 3 2.35E-05 
Cor Total 1.70 35 
IStd. Dev. 121 0*0 R-Squared T -7W 19 
IMean I? Hl AdjR-Squaredi 0.99 
Final Equation in Terms of Coded Factors: 
Logio(Crossover Current) = +2.41 +0.10*A +0.20*13 -0.098*A2 -0.018*A*B 
Final Equation In Terms of Actual Factors: 
Log lo(Crossover Current)= -1.132 +0.075*A +0.292*13 -4.36E- 04*A2 -1.19E-03*A*B 
Table 3.5: ANOVA output for log transformed methanol crossover current 
The normal probability plot of residual, Figure 3.1 1. a, and the residual vs. predicted 
value plot, Figure 3.1 1. b, showed that the residuals were normal and randomly 
distributed. On the basis of which it can be confirmed that the underlying 
assumptions were satisfied. The residual vs. experimental run plot, in Figure 3.1 1. c, 
depicts a slight increasing trend, which suggests that a 'run' related variable was 
present in the experimentation. As described earlier, the improvement in cell 
performance by measuring the crossover current using nitrogen at the cathode 
potentially could be a reason for this trend. 
3.4.2.1 Effect of Cell Temperature and Methanol Concentration 
The 2D contour plot, in Figure 3.12. a, illustrates the influence of the interaction of 
methanol concentration and cell temperature on log crossover rate. The plot 
suggests that a combination of high cell temperature (90 OC) and low methanol 
concentration (1 M) will result in a low crossover current whilst the combination of low 
cell temperature (60 `C) and high methanol concentration (3 M) gives higher 
crossover rate. With the use of a higher methanol concentration at the anode un- 
reacted methanol at the anode is always available which passes to the cathode via 
diffusion or electro-osmotic drag through the Nafion@ membrane. This increase in 
methanol crossover due to higher methanol concentration results in an increase in 
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the mixed potential at the cathode thereby affecting the peak power output as 
observed in Figure 3.6. 
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Figure 3.11: Residual analysis (a) Normal probability plot of residuals, (b) Residuals vs. 
predicted values and (c) Residual vs. experimentaf run order 
The main effect plot of cell temperature in Figure 3.21. b illustrates the impact of the 
quadratic nature of cell temperature on log crossover current response. The process 
of crossover depends on the availability of methanol at the interface between the 
anode catalyst layer and the electrolyte membrane. At high cell temperature and 
current density the availability of methanol at the interface between anode catalyst 
layer and the electrolyte membrane is low due to which a quadratic behaviour is 
observed in cell temperature [123]. 
An increase in temperature also has the following negative effects on the 
performance of the DMFC: 
(i) An increase in cell temperature results in an increase in the permeability of 
methanol through the Nafion@ membrane, thus the mixed potential at the 
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cathode increases due to the high methanol crossover resulting in poor 
performance [33]. 
(ii) An increase in cell temperature increases the partial pressure of methanol and 
water vapour at the cathode thereby decreasing the oxygen partial pressure at 
the cathode and hence impacting on the cathode open cell voltage, increasing 
the concentration polarisation [34]. 
(iii) The rate of water and methanol permeation through the membrane increases. 
Thus the combination of this water and the product water formed at the cathode 
increases the liquid water fraction in the cathode catalyst layer and the diffusion 
layer thus alleviating the concentration polarisation effect described in section 
2.6.3. 
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Figure 3.12: Effect plot for log transformed crossover current response (a) 2D contour plot of 
interaction of cell temperature with methanol concentration, (b) Main effect plot of cell 
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These negative effects of a high temperature require to be balanced against the 
positive effects that were observed in Figure 3.6, where it was observed that an 
increase in cell temperature improves the reaction kinetics as well as proton 
conductivity of the membrane thereby resulting in an improvement in the 
performance of the DMFC. 
Figure 3.12. c illustrates the effect of concentration of methanol on log crossover 
current. It can be observed that an increase in methanol concentration materialises in 
an increase in log crossover current [25,32,92,109]. The steep gradient for 
methanol concentration (Figure 3.12. c), compared to that for cell temperature (Figure 
3.12. b), indicates that a change methanol concentration has a significant impact on 
log crossover current compared to cell temperature. Overall, it can be concluded a 
lower methanol concentration is beneficial for DMFC operation [25,33,92]. 
3.4.3 Anode Limiting Current 
The anode limiting current was analysed in a similar manner to peak power and 
crossover current. The anode limiting data was obtained using hydrogen at the 
cathode for very low flow rates without any back pressure as discussed in section 
3.3.3. Hence the oxidant flow rate (D), cathode back pressure (E) and type of oxidant 
(F) were removed from the analysis resulting in a full factorial design using 3 factors 
(2 k= 23=8 runs) with four centre points and four complete replicated runs. The 
response, anode limiting current is given in Appendix G. 
A half normal plot and effects contribution plot, Figure 3.13, indicate the influential 
factors and interactions that affect the anode limiting current. The plot indicates that 
cell temperature and methanol concentration affect the response. The effects 
contribution plot, in Figure 3.13. b, showed that the cell temperature with an effective 
contribution of 69.88% is the main effect affecting the anode limiting current. 
The ANOVA model based on this outcome is given in Table 3.6. From the analysis it 
can be observed that the model with the two main effects is significant (P>0.05) and 
the lack of fit test is satisfied. The adjusted R-square value indicates that 81% of 
variability about the mean can be explained by the model. 
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(a) Half normal plot and (b) Effects contribution plot. 
Response: Anode Limiting Current at 700 mV 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob > IF Comment 
Model 697132.16 2 348566.08 72.01 < 0.0001 .... Significant A 599326.36 1 599326.36 123.81 < 0.0001 .... Significant B 97805.80 1 97805.80 20.21 < 0.0001 .... Significant Curvature 5627.72 1 5627.72 1.16 0.2890 
... Not significant Residual 154897.95 32 4840.56 
Lack of Fit 25245.46 5 5049.09 1.05 0.4085 ... Not significant Pure Error 129652.49 27 4801,94 
Cor Total 857657.84 35 
[Std. Dev. 16 R-Squared 1 0.2 
IMean 1 656.10 1 Adj R-Squared 1 0.81 
Final Equation in Terms of Coded Factors: 
Anode lim @700mv = +651.68 +136.85*A +55.29*13 
Final Equation In Terms of Actual Factors: 
Anode In A700mv = -143,158 +9.124*A +55.285*6 
Table 3.6: ANOVA output for the anode limiting current response. 
To verify the fit of the anode limiting current model a residual analysis was 
performed, Figure 3.14. The normal probability plot of residuals, Figure 3.14. a, and 
the residual vs. predicted plot, Figure 3.14. b, showed that the residuals were not 
normal and exhibited heterosedastic noise [117]. On the basis of this it can be 
concluded that the anode limiting current model, in Table 3.6, did not satisfy the 
underlying statistical assumptions. 
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Figure 3.14: Residual analysis plot for the anode limiting current response (a) Normal plot of 
residuals and (b) Residuals vs. predicted value 
To satisfy the statistical assumption of normality and randomly distributed residual 
and address the issue of heteroseclastic noise a log transformation of anode limiting 
current was performed [112,117,122]. Table 3.7, shows the ANOVA output for the 
log anode limiting current response. The model showed that the factors cell 
temperature (A) and methanol concentration (B) had a significant effect (P<0.05) on 
the log anode limiting current. Additionally it indicated that the curvature was 
insignificant (P=0.1049 >0.05). The model passed the lack of fit test and was able to 
predict higher variability (83%) about the mean. To further confirm the fit of the model 
a residual analysis was performed. 
Response: Anode Limiting Current at 700 mV (Loglo Transformed) 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Model 3.31 E-01 2 1.65E-01 85.24 < 0.0001 Significant 
A 2.79E-01 1 2.79E-01 143.97 < 0.0001 Significant 
B 5.14E-02 1 5.14E-02 26.52 < 0.0001 .... Significant Curvature 5.40E-03 1 5.40E-03 2.79 0.1049 Not significant 
Residual 6.21 E-02 32 1.94E-03 
Lack of Fit 1.63E-02 5 3.27E-03 1.93 0.1227 ... Not significant Pure Error 4.58E-02 27 1.69E-03 
Cor Total 3.98E-01 35 
IStd. Dev. 4.40E-02 I R-Squared 0.84 
IMean I 2.80E+00 I Adj R-Squared 1 0.83 
Final Equation in Terms of Coded Factors: 
Log, O(Anode lim @700mv) = +Z80 +0+093*A +0+040*13 
Final Equation in Terms of Actual Factors: 
1 Loglo/(Anode lim @700mv) = +2.253 +6.23E-03*A +0.04*B 
Table 3.7: ANOVA output for the log anode limiting current response. 
-61 - 
ir The residual analysis for the log anode limiting response is shown in Figure 3.15. 
From Figures 3.15. a and 3.15. b, it can be observed that the residuals are normally 
and randomly distributed. The model now satisfies the underlying statistical 
assumptions. Additionally, the residual vs. run plot in Figures 3.15. c indicates that 
there are no run effects or outliers in the residuals. 
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Figure 3.15: Residual analysis plot for the log anode limiting current response (a) Normal plot 
of residuals, (b) Residuals vs. predicted and (c) Residuals vs. run order 
3.4.4 Influence of Cell temperature and Methanol Concentration 
Figure 3.16. a, illustrates the effect of cell temperature on the log anode limiting 
current response. It can be seen that an increase in temperature increases the log 
anode limiting current response. An increase in temperature enhances the methanol 
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oxidation kinetics and hence the anode limiting current increases [29,119]. In a 
DMFC, the methanol oxidation reaction takes place on a dual site Pt-Ru catalyst [44, 
47,119,124]. Compared to Pt, the Ru catalyst is less active for methanol oxidation 
reaction at low temperatures. For high temperatures, Ru produces increased activity 
for the methanol oxidation reaction especially due to the water discharge reaction at 
the Ru active sites. Hence a higher reaction temperature results in better activity and 
thus an overall increase in the methanol oxidation kinetics occurs [43,44,125]. 
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Figure 3.16: Main effects affecting log transformed anode limiting current response (a) cell 
temperature and (b) methanol concentration. 'e' represents Centre point experimental runs 
The centre point experimental runs in Figures 3.16. a and 3.16. b, shown by '0', depict 
the variability in the log anode limiting current response. The ANOVA analysis took 
account of this variability present in the electrode whilst predicting the log anode 
limiting current response. 
Methanol concentration also impacts on the anode limiting current especially at high 
cell temperatures, Figure 3.16. b. A combination of high methanol concentration with 
high cell temperature improves the methanol oxidation kinetics and supply the anode 
catalyst with an adequate amount of methanol at high current density thus improving 
the anode limiting current. However, as observed in the crossover current analysis, 
section 3.4.2, this availability of excess methanol can be detrimental to the overall 
cell performance due to increase in methanol crossover through the membrane. 
Thus it is necessary to balance the positive effect of increasing methanol 
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-concentration 
for improving anode performance with the negative effect of methanol 
crossover through the membrane to overall increase the cell performance. 
3.5. Optimising Peak Power Performance 
An optimisation was performed on the peak power output combining the outcomes 
from the methanol crossover effect and anode limiting current. It was observed that 
an increase in cell temperature and cathode back pressure increases the peak power 
output. Hence in the optimisation study, as summarised in Table 3.8, the cell 
temperature and back pressure were increased beyond the design space to increase 
the overall cell performance. A cell temperature of 110 T was selected since an 
increase in the reaction kinetics and ionic conductivity of the Nafion@ membrane 
should be achieved alongside an improvement in the peak power output at the cost 
of a slight increase in the methanol crossover rate. Based on the crossover current 
analysis, preference to low methanol concentration was given to lower the methanol 
crossover rate. In addition as summarised in Table 3.8 the methanol flow rate and 
the oxidant flow rate were kept constant at their centre point levels, 5 ml min-' and 
400 ml min-' respectively, as they had been found to have no statistical effect on the 
peak power output. The goal of the optimisation programme procedure was to 
maximise the peak power response according to the factor levels, Table 3.8. Based 
on the model in the ANOVA table, the 95% confidence intervals within which the 
response is expected to fall 95% of the time are also calculated [116]. 
Factor Name Level Low Level High Level 
A Cell Temperature (OC) 110 0C 60 90 
B Methanol Concentration (M) I IVII 1 3 
C Methanol flowrate (ml min-) 5 ml min" 6 12 
D Oxidant flowrate (ml min-) 400 mi min" 300 500 
E Back pressure (Mpa) 0.22 Mpa 0 0.2 
IF Type of Oxidant (Categorical) OXYGEN AIR OXYGEN 
Note: One or more factor value(s) is outside of the design space. 
Prediction SE Mean 95% Cl low 95% CL! ýiLh 
Peak Power (02) 103.983 MW CM-2 4.271 95.220 112.746 
Peak Power (Air) 70.716 MW CM-2 4.271 61.953 79.479 
Table 3.8: Numerical optimisation of DMFC power output by restricting the methanol 
concentration 
The results from the optimisation are shown in Table 3.8 and Figure 3.17. On the 
basis of the regression model for the peak power reported in Table 3.3, the peak 
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power is predicted for the different combinations of factors in Table 3.8. Since there 
is one categorical factor, type of oxidant at two levels (air and oxygen), the response 
is predicted separately for each oxidant as well as the standard error of mean and 
the confidence interval. 
Figure 3.17 indicates that by increasing the cell temperature and cathode back 
pressure to 110 T and 0.22 MPa respectively and using a lower concentration of 
methanol (11 M), peak power of 103.98 MW CM-2 and 70.18 MW CM-2 can be achieved 
using oxygen and air respectively as an oxidant. 
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Figure 3.17: Predicted peak power from optimisation process at 110 OC, 0.22 MPa back 
pressure with 1M methanol at 5ml min-' using 400 ml min-' of (a) oxygen and (b) air at 
cathode respectively. 
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To verify the output from the optimisation, a validating experimental run was 
performed. Figure 3.18 shows the validation experimental run using the factor levels 
summarised in Table 3.8. A peak power output of 105.12 MW CM-2 using oxygen and 
69.03 MW CM-2 using air at the cathode was achieved as shown in Figure 3.18. The 
validation run gave an output which lay within the 95% confidence interval (95.22 
toll 12.75 MW CM-2 for oxygen and 61.95 to 79.48 MW CM-2 for air) as predicted by the 
optimisation procedure and thus suggested that model, in Table 3.3, for peak power 
was a good fit. 
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Figure 3.18: Validation run based on optimisation output. Cell condition: 110 OC, 1M methanol 
at 5 ml min-' using air and oxygen at 400 ml min-' with 0.22 MPa back pressure 
In addition to the peak power response, the crossover current was also measured, 
Figure 3.18, using the operating conditions described in Table 3.8. The crossover 
current analysis summarised in Table 3.5, suggested that a combination of high cell 
temperature (90 'C) and low methanol concentration (1M) would result in a low 
crossover current (177.87 mA CM-2) . However, a lower crossover current is attained 
from the optimisation study (154.57 mA CM-2) compared to that predicted by the 
contour plot in Figure 3.12. a, suggesting that the effect of high back pressure 
(beyond the initial design space) played an important role in reducing the methanol 
crossover effect. Cruickshank et al., (1998) [70] observed that an increase in cathode 
back pressure reduced the methanol crossover rate and thus increased the DMFC 
performance. Conversely, the statistical analysis of crossover current, in Table 3.5, 
did not identify any effect of back pressure on methanol crossover rate. This was 
likely to be due to the narrow range considered in the design explaining why a lower 
crossover current than that predicted by the crossover current analysis was achieved 
in the optimisation study. 
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3.6. Conclusions 
In this work, a high resolution, 2k-1 fractional factorial design with the addition of two 
centre points for each level of the categorical factor (type of oxidant) was used, to 
determine the optimum working conditions for achieving maximum power density. 
The fractional factorial concept of experimental design reduces the number of 
experiments required to investigate a set of parameters thereby minimising the time 
and cost associated with the experiment. 
The assumption that the electrodes in a DMFC function identically, resulting in low 
variability, is questionable. Data were collected from a single MEA by cleaning the 
cell utilising the technique described in section 3.3.3 and then polarising the cell till 
standard conditions were reached. The aim of this was to remove any difference in 
performance due to different experimental runs. However, even by adopting a 
rigorous experimental procedure, variability was still present in DMFC performance 
as observed in Figure 3.3. By utilising experimental design, the variability associated 
with DMFC operation was taken into account when determining the optimum 
configuration of the design parameters to attain maximum power density. Based on 
the results of the experimental design, the following conclusions can be drawn: 
The temperature of the cell and its interaction with methanol concentration, 
type of oxidant and back pressure affected the peak power from the cell. The 
peak power analysis showed that higher cell temperature (90 'C). leads to 
improved performance of the DMFC. The analysis of anode limiting current 
supported the peak power analysis and suggested that an increase in cell 
temperature had a significant impact on the anode limiting current (log 
transformed) response. In contrast to both the peak power and anode limiting 
current analysis, the crossover current (log transformed) analysis showed that 
an increase in temperature gives rise to the undesirable effect of methanol 
crossover. Thus it is necessary to balance the positive effect of an increase in 
reaction kinetics and proton conductivity with the negative effect of methanol 
crossover through the membrane when optimising the overall DMFC 
performance. For this specific cell design, for low methanol concentration (I 
M), the analysis indicated that a high cell temperature (90 OC) is beneficial for 
optimising fuel cell performance as the positive effects of temperature are 
greater than the negative effect of methanol crossover. 
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Methanol concentration is also a key factor in determining peak power output, 
methanol crossover and anode limiting current. The analysis indicated that 1 
M methanol yields "maximum" peak power and reduces the methanol 
crossover. Additionally, an improvement in log anode limiting current 
response with increase in methanol concentration was observed which 
suggested that a balance to limit the crossover current whilst improving the 
anode performance is needed. Argyropoulos et al., (1999) [56] and Ge et al., 
(2005) [33] concluded that the optimum concentration of methanol lay in the 
range 1 to 2 M. However they failed to establish the effect of the interaction 
between methanol concentration and cell temperature on peak power and 
methanol crossover. A combination of low methanol concentration and high 
cell temperature results in high peak power and reduces the crossover of 
methanol through the membrane. Overall it can be concluded that the use of 
low methanol concentration (1 M) at high cell temperature (90 "C) benefits not 
only the peak power output but also inhibits the adverse effect of methanol 
crossover through the membrane. 
The flow rates of the reactants (methanol and air/oxygen) were not observed 
to affect any of the responses considered. However an extra experimental run 
reported in Appendix F showed that the performance of the DMFC increased 
with an increase in flow rate of both reactants thus suggesting that the narrow 
range of the flow rates (3.4 to 6.6 ml min-' for methanol and 300 to 500 ml 
min-' for oxidant) considered was the issue. This demonstrates the 
importance of selecting appropriate levels and ranges in an experimental 
design. The range should be large enough (for example 2 to 10 mi min-' for 
methanol and 100 to 700 ml min-' for oxidant) so that a difference in the 
response can be identified and analysed. 
The cathode back pressure impacted on the peak power output from the 
DMFC. It was observed* that the back pressure alone does not influence the 
peak power response. Of importance is the combination of high back 
pressure and high cell temperature. In addition the back pressure at the 
cathode plays an important role in reducing the methanol crossover through 
the membrane. This effect of back pressure was not identified from the 
statistical analysis due to the narrow range of the factor but was evident from 
the optimisation procedure which showed that an increase in back pressure 
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(outside the range considered in the design) reduces the methanol crossover 
through the membrane. 
The type of oxidant significantly affected DMFC performance. In this work, the 
use of oxygen outperformed that of air at the cathode and this effect was 
dominant at high temperatures due to the interaction of type of oxidant with 
the cell temperature. The use of pure oxygen in combination with a high cell 
temperature makes effective use of the high partial pressure of the oxygen 
and thus improves the overall performance of the DMFC. In addition, when 
pure oxygen is used, the concentration gradient of oxygen remains sufficiently 
steep to saturate the cathode catalyst with an appropriate amount of oxygen 
even in the presence of crossed over methanol and additional water at the 
active cathode catalyst site, thereby increasing the performance of the DIVIFC. 
Finally the optimisation study clearly demonstrates the appropriateness of the 
approach of experimental design in direct methanol fuel cell technology. In 
this work, by taking into account the variability associated with DMFC 
operation, all the main effects and interactions of the six operating parameters 
on DMFC performance were investigated utilising only 36 experimental runs. 
Conclusions were drawn from anode polarisation characteristics and 
methanol crossover data as opposed to just relying on cell polarisation data. 
By utilising a limited number of experiments, labour, time and costs 
associated with the study were reduced. 
In conclusion, the application of experimental design has enabled the investigation of 
the main effects and interactions of different operating parameters on peak power 
performance of a single DMFC. The different operating parameters including 
temperature, pressure, methanol concentration, air/oxygen supply, flow rates of 
reactants provided information on the optimum settings to achieve "maximum" peak 
power. However, these settings depend significantly on the design of the membrane 
electrode assembly (MEA). The design of the MEA depends on various factors 
including amount of catalyst, type of catalyst, content of PTFE or Nafione binder. 
Higher peak power than those achieved by manipulating the operating variables can 
be achieved by optimising the MEA design. Therefore further optimisation of these 
design criteria is needed to achieve higher cell output. This is addressed in the next 
chapter through the application of experimental design techniques. 
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Chapter 4 
RESPONSE SURFACE METHODOLOGY FOR 
OPTIMISING DMFC PERFORMANCE 
4.1. Introduction 
The basic physical structure of a DMFC consists of a multi-component membrane 
electrode assembly (MEA)i sandwiched between a flow field and a current collector. 
The MEA comprises a catalyst layer, micro porous layer (MPL) and a gas diffusion 
layer (GDL) for each electrode that is positioned on either side of a proton exchange 
membrane. Optimal performance of the catalyst layer of the DMFC is a critical issue 
and is influenced by both the choice of catalyst and the fabrication technique, which 
allows maximum utilisation of the catalyst material. There are a number of factors, 
including the loading of catalyst, the Nafion@ content, coating method, and their 
interactions involved in the optimisation of the catalyst layer. Additionally the 
interaction of catalyst layer with the adjoining MPL is also of significance in the 
optimisation of the MEA. The MPL controls the transfer of the reactants and by- 
products and hence the emissions of both the anode and the cathode. The catalyst 
and gas diffusion layers combine to produce a composite catalysed gas diffusion 
electrode, which is required to be optimised for use in gas, vapour and liquid 
environments. Typically laborious and costly screening tests are performed to identify 
the best catalysed gas diffusion electrode formulations. These have previously been 
performed based on a single factor analysis approach [27,34,52,126-133]. 
However as discussed in section 3.1, this approach fails to consider the interaction 
effect and incorporate the variability of the measured response. Thus there is a need 
for an alternative technique that predicts the MEA formulation that results in 
enhanced cell performance. The aim of this chapter therefore is to demonstrate the 
use of the experimental design technique, Response Surface Methodology (RSM), to 
identify the catalyst layer formulation that optimises the overall DMFC output. 
4.2. Experimental Study 
The catalyst layer of a DMFC involves the three phases; protons, electrons and 
gases, and the extent to which these phases are maintained is a function of materials 
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and fabrication technique [6,9,19]. These three phase zones are crucial for the 
overall DMFC performance as they control the flow of reactants and products to the 
active catalyst site, and protons and electrons from reacting site. The various 
ingredients and the fabrication technique involved in the catalyst formulation which 
have an impact on the formation of three phase zone and thus on the overall 
performance of the DMFC are [6,9,17,19,27,41,52,92,134] 
i) Catalyst loading (0.5,1,2 or 3 mg CM-2) 
ii) Nafion@ content (10,20,40 or 50 %. wt) 
iii) Polytetrafluoroethylene (PTFE) content (0,10, or 20 %. wt) 
iv) Supported or unsupported catalyst layer 
V) Metal loading (20,40 or 60 %. wt) 
vi) Type of solvent (Acetone, Isopropyl alcohol, Water) 
vii) Coating of catalyst on MPL or directly to membrane 
viii) Method of applying catalyst (spraying, brushing, tapecasting) 
4.2.1 Choice of Factors and their Levels 
From the literature review [4,6,9,19,40], the catalyst and metal loading along with 
the Nafion@ content used in the catalyst layer formulation appear to be the most 
influential factors. These materials due to high cost at present are the most 
significant contributors to the overall cost of the system and thus are also the key 
limiting factor in terms of commercialisation [40). Practically, a high catalyst loading 
corresponds to good performance due to an increase in the number of active catalyst 
sites. Optimisation of the catalyst loading and the Nafione content depends on the 
electrode morphology, which is a function of the method used to manufacture the 
electrode [6,135,136]. The activity of the catalyst layer depends on the structure of 
the Nafion@ ionomer "film" that provides the proton conduction from the active 
catalyst sites. Thus, the Nafion@ content in the catalyst layer helps the formation of 
the three dimensional structure of the electrode. As Nafion@ is hydrophilic, its 
presence in the catalyst layer also aids the retention of moisture. In contrast, a high 
Nafion@ content can result in pore blockage and prevent the gases accessing the 
catalyst, resulting in poor performance. Several researchers have used 
polytetrafluoroethylene (PTFE i. e. Teflon) in the formulation of the catalyst layer to 
provide a gas flow network [136,137). The use of PTFE is still open to debate as 
some researchers believe that its use blocks the catalyst and reduces the active 
electrode surface area. To investigate these aspects, catalyst loading, Nafion@ 
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content and the addition of PTFE at different levels were considered in the 
experimental design, Table 4.1. 
Factors Low Level Centre point High Level 
Loading of Catalyst (mg CM-2) 0.5 1.25 2 
NafionO Content (%. wt) 10 25 40 
PTFE Content (%. wt) 0 10 20 
Table 4.1: Factors considered in the experimental design 
Commercially available catalyst materials commonly used in DMFCs take two forms, 
supported and unsupported. Unsupported catalysts are finely divided powder with no 
supporting material present. The catalyst layer thus obtained is thinner but this 
approach can be expensive. To overcome the cost issue supported catalysts that 
make maximum use of the noble metal are utilised. However with a supported 
catalyst too much can result in a thicker electrocatalyst layer which can increase the 
mass transport and ohmic resistance [31]. Thus to balance this and the cost issue, a 
carbon supported catalyst with a high weight percent of catalyst (60% wt) is 
desirable. 
More recently it has been shown [114] that a dry spraying technique using acetone 
as a solvent, resulted in better performance of the DMFC. For this study the type, 
solvent and method of applying the catalyst were fixed. Although the application of 
the catalyst layer directly on the membrane results in better performance [8,138], 
due to experimental limitations, this factor was fixed with the catalyst layer being 
deposited on the MPL. 
Additional to the factors above, the composition of the micro porous layer (MPL) and 
the gas diffusion layer (GDL) are also of importance as they control the access of the 
reactants and the by-product. The appropriate structure of the MPL and GDL can 
result in a reduction of the electrical resistance, provide the necessary hydrophobic 
or hydrophilic behaviour that will materialise in the correct transfer of the gas and 
liquid and hence the by-products and reactants to the active catalyst layer. The 
objective of this study was to investigate the application of experimental design for 
catalyst layer formulation and hence MPL and GDL formulation were fixed and 
fabricated using an in-house technique [114]. 
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In this study, the effect of different catalyst formulations on the anode, cathode and 
the overall cell were of interest. Consequently anode and cell polarisation data were 
collected using the procedure described in section 3.3. More specifically the 
experiments were performed at 90 OC using 1M methanol feed at the anode with a 
flow rate of 5 ml min-' and oxygen at the cathode as the oxidant with a flow rate of 
400 ml min-' and a back pressure of 0.2 MPa. These operating parameters were 
identified from the study reported in Chapter 3. 
4.2.2 Selection of the Response Variable 
The main. objective of the experiment was to optimise the overall performance of the 
DMFC, i. e. peak power, and to separately optimise cathode and anode catalyst 
formulation. The latter two contribute to the overall cell output. For the anode, since 
catalyst formulation mainly affects the kinetic region, anode performance at 0.25 V 
was taken as the response. A similar approach was adopted for the cathode. A 
measure of the cathode response at 10 mA CM-2 was attained, by summing the cell 
and anode polarisation data, using the values from the respective polarisation 
curves. The experimental technique described in section 3.3 was used to collect data 
and after each experimental run, the methanol crossover current was measured by 
passing nitrogen gas through the cathode. This allowed the impact of different 
catalyst layer formulations on methanol crossover to be investigated. 
4.2.3 Experimental Design Structure 
This experiment focused on three factors, catalyst loading, Naflon@) content and 
PTFE content at different levels summarised in Table 4.1. Additionally from the 
literature review [6,9,16,19,135], it was indicated that electrode activity was non- 
linearly related to at least one of the factors, catalyst loading or Nafion@) content. 
Consequently a full factorial design comprising of 8 runs (2 3) and four centre point 
was selected. The centre points were included to analyse the non-linear effect on the 
response and assess the variability associated with the overall experiment. Table 
4.2, summarises the experimental design and Table G. 1 in Appendix G gives the 
results. 
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zstanaara 
experimental 
runs 
týanaomisea 
experimental 
runs 
Block Type of 
run 
A: Catalyst loading 
(Mg CM-2) 
B: NafionS 
Content %. wt 
C: PTFE 
Content %. wt 
1 4 Block 1 Fact 0.5 10 0 
2 1 Block 1 Fact 2 10 0 
3 8 Block 1 Fact 0.5 40 0 
4 9 Block I Fact 2 40 0 
5 6 Block 1 Fact 0.5 10 20 
6 10 Block 1 Fact 2 10 20 
7 7 Block 1 Fact 0.5 40 20 
8 5 Block 1 Fact 2 40 20 
9 2 Block 1 Center 1.25 25 10 
10 3 Block 1 Center 1.25 25 10 
11 11 Block 1 Center 1.25 25 10 
12 12 Block 1 Center 1.25 25 10 
Table 4.2: Full factorial design with centre points for catalyst layer formulation 
4.3. Analysis of the Full Factorial Design 
The statistical analysis of the design given in Table 4.2 was performed using Design 
Expert (version 6.0.11) [116]. To analyse the variability in the measured responses 
four centre point experimental runs using 1.25 mg CM-2 of catalyst loading, 25 %. wt 
Nafion@ content and 10 %. wt PTFE in catalyst formulation were performed. Figure 
4.1. a, provide an indication of the variability associated with the peak power 
response (mean = 67.53 MW CM-2, standard deviation = 8.56 MW CM-2) , and 
methanol crossover current response (mean = 133.2 mA CM-2, standard deviation = 
12.49 mA CM-2). Similarly Figure 4.1. b, depicts the variability in the cathode response 
at 10 mA CM-2 (mean = 0.823 V, standard deviation = 0.021 V) and the anode 
response at 0.25 V (mean = 4.753 mA CM-2, standard deviation = 0.943 mA CM-2) . 
The differences in fabrication technique, non identical functioning of electrodes and 
experimental error can be a potential reason behind this variation. A detailed analysis 
of the different responses taking account of this variability is given in the following 
sections. 
4.3.1 Peak Power Analysis 
The half normal probability plot in Figure 4.2. a identifies those factors that affect the 
peak power performance, factors A (catalyst loading) and C (PTFE content). The plot 
also indicated that the factor B (Nafion(D content) and other higher order interactions 
(AB, BC, AC and ABC) between the factors (shown by orange squares lying on 
straight line in Figure 4.2. a) did not affect the peak power response. This was further 
validated by the contribution plot in Figure 4.2. b, which showed the major contribution 
of catalyst loading (50.12%) and PTFE content (4.15%) on the peak power response. 
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Additionally, the non-linear behaviour (curvature 43.97%) was evident from the 
peak power response, as observed from the contribution plot. The next step was to 
develop an analysis of variance (ANOVA) model. 
(a) 
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0 IF II10 
0 100 200 300 400 500 
Current Density/ mA cm-2 
(b) 
0.9 - A: Experimental Run 2 
)K: Experimental Run 3 
0.8 - m: Experimental Run 11 
Experimental Run 12 
0.7 Variation in 
cathode response 
0.6 Variation in 
anode response 
0.5 - 
0.4 - 
0.3 - 
0.2 1 
0.1 11 
0 
0 100 200 300 400 500 
Current Density/ mA cm-2 
Figure 4.1: Centre point runs (a) variation in peak power response and methanol crossover 
current response (b) variation in anode and cathode response. 
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The results of the ANOVA confirmed that catalyst loading (A) and PTFE content (C) 
have a significant (P<0.05) impact on the response and also that curvature/non- 
linearity is present in the model. The model given in Table 4.3 explains 88% 
(adjusted R-square) of the variability about the mean and the lack of fit test was 
satisfied indicating that the variation in the excess design points (orange squares in 
Figure 4.2. a) does not significantly differ from the variation in the replicated centre 
points (green triangles in Figure 4.2. a). A detailed description of the ANOVA table is 
given in Appendix D. 
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Figure 4.2: Influential factors and interaction affecting the peak power response. (a) Half 
normal probability plot and (b) Pie chart of the contribution of different effects 
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Response: Maximum power 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Model 3066.83 2 1533.41 39.28 < 0.0001 ... Significant A 2832.03 1 2832.03 72.54 < 0.0001 ... 
Significant 
C 234.79 1 234.79 6.01 0.0398 
... 
Significant 
Curvature 1871.96 1 1871.96 47.95 0.0001 ... 
Significant 
Residual 312.33 8 39.04 
Lack of Fit 92.71 5 18.54 0.25 0.9133 ... Not significant Pure Error 219.63 3 73.21 
Cor Total 5251.12 11 
IStd. Dev. 1 ý. 2 1 R-Squared 0.91 
IMean 1 49.87 1 1 Adj R-Squared 1 0.88 
Final Equation in Terms of Coded Factors: 
Peak Power =+41.04 +18.82*A +5.42*C 
Final Equation in Terms of Actual Factors: 
IMaximurn power = +4.26 +25.09* A +0.54*C 
Table 4.3: ANOVA for the 2k factorial design for the peak power response 
The residual analysis plots shown in Figure 4.3 suggested that the model residuals 
are normally and randomly distributed and thus assumptions underlying the model 
given in Table 4.3 are satisfied. However the deviation of residuals from the normal 
plot (Figure 4.3. a) and the non-linear distribution of residuals in the residual versus 
predicted plot (Figure 4.3. b) suggested the presence of quadratic model terms which 
could not be explained by the factorial deign model in Table 4.3. 
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Figure 4.3: Residual analysis of peak power response (a) Normal probability plot of residuals, 
(b) Residual vs. predicted values and (c) Residual vs. experimental run order 
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Additionally, a plot of catalyst loading versus peak power response, Figure 4.4, 
indicated the presence of a quadratic response that was not captured by the factorial 
design (Table 4.3). These results suggested the need of additional experimental runs 
to investigate the curvature/non-linearity in the design. 
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w 
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0 
Peak power - 47.102(catelyst loading)2 + 
142.84(catalyst loading) - 37.426 
R2 - 0.8958 
0 
. 
ýo 
. 
10 
Linear model fit based 
on factonal design 
. 
05 125 2 
Cýst badmW rTq cW 
Figure 4.4: Catalyst loading vs peak power response. o' represents response from centre 
point experimental runs, blue line depicts fit using linear model and dotted black line is a 
quadratic model fitted to the data 
4.3.2 Cathode data analysis 
The factors affecting cathode performance at 10 MA CM-2 are shown in the half- 
normal probability plot and effects contribution plot, Figures 4.5. a and 4.5. b 
respectively. Both plots show that factor A (catalyst loading) and the three-way 
interaction between A, B and C (catalyst loading, NafiorAID content and PTFE content) 
is significant. The effect contribution plot, as for the peak power analysis, indicates 
the presence of curvature (- 23%) in the model. The results of an ANOVA model are 
given in Table 4A. 
The ANOVA model confirmed that catalyst loading and the three-factor interaction 
between catalyst loading, NafionOD content and PTFE content were significant 
(P<0.05). To maintain the hierarchical structure the NafionID and PTFE content and 
all the two factor interactions (AB, AC and BC) were incorporated within the model. 
The model also verified the presence of curvature (P = 0.0322 <0.05). However in 
this case the model was not significant (P = 0.930 >0.05). This was probably due to 
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inadequacy of the linear model, in Table 4.4, to take account of curvature present in 
the design. 
(a) 
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Figure 4.5, Influential factors and interaction affecting the cathode voltage response. (a) Half 
normal probability plot and (b) Pie chart of the contribution of the effects 
A plot of catalyst loading versus the cathode voltage (10 mA CM-2 ) response, given in 
Figure 4 6, demonstrates the presence of a quadratic relationship. To take account of 
this behaviour, additional experimental runs were required to analyse the curvature 
and identify a model that describes cathode behaviour at 10 mA CM-2. 
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Response: Cathode Voltage at 10mA cm' z 
Hierarchical I atins Added after Manual Regression B. C, AS. AC and BC 
Analysis of variance table Ill"arlial sum of sq uares] 
Sum of Mean F 
Source Squares OF Square Value Prob >F Comment 
Model 001794 7 0003 5574 00930 Not significant 
A 000925 1 0009 20119 00207 Significant 
BI 2E-05 1 0000 0027 08795 
C 00008 1 0001 1 740 02787 
AS 6E-05 1 0000 0132 07408 
AC 000106 1 0001 2302 02265 
BC 000014 1 0000 0314 06142 
ABC 000661 1 0007 14385 0,0322 Significant 
Curvature 000577 1 0006 12544 00383 Significant 
Pure Error 000138 3 0000 
Cor Total 002508 11 
I Std Dev 1 01 2 D2 ] S I R-Squared 1 093 
Mean 10 79 1 Adl R-Squared 1 0 76 
Final Equation in Terms of Coded Factors 
Cathode Voltage of IlOmA cm'. - *0 78 +0 034*A +1 25E-03*B +1 OE-02*C -2 75E-03'A*B - 
0 01 IWC +4 25E-03181C +0 029*A'B*C 
Final Equation in Terms of Ackwl Factors 
Cathode Voltage of 10mA cm "- +0 61 +0 IWA +3 3E-03*B +0 01"C -2 BE- 03*A*B -7 92E- 
l03*A*C -2 OJE-041M +2 5GE-04*A'B'C I 
Table 4.4. ANOVA for the cathode response at 10 mA CM-2 
09 
085 
08 
075 
07 
065 
Cathode Yoltage -0.0852(catelyst loading)2 
+ 0.259(catalyst loading) + 0,6372 
R2 0.6938 
: 
n: e:: model fit based 
on factorial design 
os 125 2 
CoteNst k)odngl nig cnY3 
Figure 46 Catalyst loading vs. cathode voltage response. e represents response from 
centre point experimental runs, blue line depicts fit using linear model and dotted black line 
depicts a quadratic model. 
4.3.3 Anode data analysis 
To analyse the effect of different catalyst formulation on the anode response, the 
anode response at 0.25 V was measured. The half normal probability plot and the 
effects contribution plot, in Figures 4.7. a and 4.7. b, suggested that the catalyst 
loading (A), NafiorAD content (B), their two-way interactions with PTFE content (C) 
and the three way interaction between A, B and C had an impact on the anode 
performance at 0.25 V. This was confirmed by the ANOVA model, Table 4.5. 
-80- 
Chapter 4: Response Surface Methodology for Optimising DMFC Performance 
The ANOVA model, in Table 4.5, supported the conclusions attained from the half 
normal probability plot and effects contribution plot. The high adjusted R-square 
value suggested that the linear model was a good fit. Compared to the peak power 
and cathode data analysis, the curvature was not identified as an influential feature 
(P=0.3435>0.05) in the model. 
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Figure 47 Influential factors and interaction affecting the anode response (a) Half normal 
probability plot and (b) Pie chart of the contribution of the effects. (AB, AC and BC: two-factor 
interactions and ABC: three-factor interaction) 
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Response: Anode response at 0-25V 
Hliiiramhical Terms Added after Manual Regression: C and AB 
Analysis of variance table IParlial sum of squares) 
Sum of Moon F 
Square Value Prob >F Comment: 
Model 21646 7 3092 3475 0,0072 
. 
Significant 
A 6454 1 8454 9499 0.0023 
... 
Significant 
B 3778 1 3778 4245 0.0073 Significant 
C1 47 1 147 1 
ý65 
0.2891 
AB 399 1 3,99 448 0.1245 
AC 1263 1 12.63 14.19 0.0327 Significant 
EIC 1330 1 1330 14.95 0.0306 Significant 
ABC 6275 1 6275 7051 0.0035 Significant 
Curvature 1 12 11 12 126 0.3435 Not significant 
Pure Err or 267 3 089 
Cor Total 22025 11 
1 Sld Dev 0 E: ý I R-Squared 1 099 
1 Mean 518 1 Adl R-Squared 1 096 1 
F inal Equation in Terms ý Factors. 
Anode Current at 0 250 Va +5 40 +3 25*A -2 17*13 +0+43*C -0. 71*A*B +1 26*A*C -1 29'B. C - 
2 80*A*B*CFinal Equation in Terms of Actual Factors 
Anode Current ail 0 25V a *8 94 -2 00*A -0 29'B -0 73*C +0 19*A*13 +0 79*A*C +0 02*B'C - 
10 025'A'B*C I 
Table 45 ANOVA model for the anode response at 0.25 V 
The normal plot of residuals is used to test the random and normal distribution of 
residuals; on the basis of which the fit of the model is validated. The normal 
probability plot of residuals and residuals versus predicted plot, indicated that the 
residuals were not normal and randomly distributed. On the basis of this the model in 
Table 4.5 could not be validated. The presence of higher order interaction for the 
anode response resulting in fewer degrees of freedom to validate the model can be 
the potential reason behind this. To overcome this, more experimental runs were 
needed to support the validity of the model. 
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4.4. Central Composite Design 
Analysis of the peak power and cathode responses indicated that curvature was 
present in the model. Additionally the analysis of anode response suggested that 
extra experimental runs were required to identify an appropriate anode model that 
satisfied the underlying statistical assumption of normal and random distributed 
residuals. Hence to explore these aspects further, the full factorial design given in 
Table 4.2 was augmented, with a central composite design (CCD) [112,113,139]. 
The revised design is summarised in Table 4.6. The experimental runs 2,3,11 and 
12 in Table 4.2 for the full factorial design at the centre point (1.25 mg CM-2 Catalyst 
loading, 25 %. wt Nafion@ content, 10%. wt PTFE) suggested that there was a 
repeatability and reproducibility issue with the experiments. To address this issue the 
augmented design included two additional centre points. To reduce the impact of 
changes in raw materials, experimenter performance and overall variability in the 
analysis due to additional set of experiments, being run at a later stage, the 
augmented design runs were blocked. Blocking is advantageous when there is a 
known factor, such as changes in raw materials or experimenter performance, that 
may influence the experimental result, but the effect is not of interest. The responses 
for these additional runs were measured according to the procedure described in 
section 3.3, and the results are summarised in Appendix G. 
experimental experimental 
14 14 Block 2 Axial 2 25 10 
15 18 Block 2 Axial 1.25 10 10 
16 16 Block 2 Axial 1.25 40 10 
17 19 Block 2 Axial 1.25 25 0 
18 15 Block 2 Axial 1.25 25 20 
19 13 Block 2 Center 1.25 25 10 
20 20 Block 2 Center 1.25 25 10 
Table 4.6: Augmented central composite design 
4.4.1 Peak Power Analysis 
The analysis of peak power for the 20 experimental runs, including the augmented 
CCD, is given in Table 4.7. From the ANOVA model, it was identified that a quadratic 
model was best suited for predicting peak power response of the DMFC (P<0.05). 
The ANOVA showed that the factor catalyst loading (A) was significant and that the 
model was quadratic with respect to Nafion@ Content (B). Blocking was observed to 
have an insignificant influence on the model. To maintain the statistical principle of 
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hierarchy, the main effect Nafion@ Content (B) was included. The CCD model also 
showed that in this study the addition of PTFE, (i. e. 0 to 20%wt) does not have a 
significant influence on peak power performance. The adjusted R-square value 
suggested that the model explained 75% of the variability and the lack of fit 
suggested that the variation in the excess design points was not significant compared 
to the replicated points. 
Response: Peak Power 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Block 199.90 1 199.90 1.82 
Model 6282.35 3 2094.12 19.06 < 0.0001 ... Significant 
A 3176.95 1 3176.95 28.91 < 0.0001 ... Significant 
B 24.37 1 24.37 0.22 0.6445 ... Not significant B2 3081.03 1 3081.03 28.04 < 0.0001 ... Significant Residual 1648.48 15 109.90 
Lack of Fit 1427.85 11 129.80 2.35 0.2123 ... Not significant Pure Error 220.62 4 55.16 
Cor Total 8130.73 19 
I Std. Dev. 1 10.48 1 R-Squared 1 0.79 
I Mean 1 52.45 1 Adj R-Squared 1 0.75 
Final Equation in Terms of Coded Factors: 
Peak Power = +65.56 +17.82*A -1.56*B -27.19*B 2 
Final Equation in Terms of Actual Factors: 
IPeak Power = -37.08 +23.77*A +5.94*B -0.12*B2 
Table 4.7: ANOVA model for the peak power response using CCD 
To further validate the CCD model, a residual analysis was performed, as shown in 
Figure 4.9. The normal probability plot, Figure 4.9. a, showed that the residuals were 
normal. The residual versus predicted value and the residual versus run order plot in 
Figures 4.9. b and 4.9. c showed that there was no structure remaining unexplained by 
the model. Thus it can be concluded that the CCD model was a good fit and was able 
to adequately describe the experimental data. 
The ANOVA in Table 4.7 also showed that there was no significant interaction 
between catalyst loading (A) and Nafion@) content (B). This was confirmed from the 
main effect plot of catalyst loading and Nafion@) content, Figures 4.1 O. a, and 4.1 O. b. 
In Figure 4.10. a, the least significant difference (LSD) is represented by the 'I'bar, 
the definition of which is given in Appendix F. Overlap of the LSD I -bar indicates no 
significant difference between the different levels [112,113,117]. The LSD I- bar for 
low catalyst loading in Figure 4.10. a and Figure 4.10. b do not overlap with those for 
high catalyst loading, hence it can be concluded, with 95% confidence level that the 
mean of high catalyst loading is significantly different and higher than that at low 
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catalyst loading. Additionally on the basis of gradient of the main effects plot of 
catalyst loading in Figure 4.10. a it can be concluded that a high catalyst loading of 2 
Mg CM-2 gives greater peak power. 
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Figure 4.9-. Residual analysis of the peak power CCD model (a) Normal probability plot of 
residuals, (b) Residual vs. predicted values and (c) Residual vs. experimental run order 
The red and green dots, Figures 4.10. a and 4.10. b, represents the centre point and 
axial point experimental runs using 1.25 mg CM-2 catalyst loading, 25 %. wt Nafion@ 
content and 10 %. wt PTFE in the catalyst formulation. The centre point runs show 
the amount of variability in the design, which is accounted for in the quadratic model 
in Table 4.7. The points outside the LSD I- bar, in Figure 4.1 O. a, can be attributed to 
this variability in the design [113,117,139]. The overlapping structure of LSD I -bar 
in Figure 4.10. b indicated that both high and low Nafion@ content resulted in similar 
low peak power response. However the summit at centre of the main effect plot 
suggested that the most favourable Nafion@ content for achieving peak power was 
between 20 to 30%. wt [132,140]. 
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Figure 4.10: Main effects plot for peak power response (a) Catalyst loading and (b) Nafions 
content at different levels of catalyst loading. The dots represent the response from the 
experimental runs with dots at the centre level denoting the six centre point runs. 
In this work, the prime objective was to demonstrate how the application of Design of 
Experiments can help identify the best combination of the three factors in catalyst 
formulation in conjunction with process understanding. The 3D contour plot (Figure 
4.11) obtained from the quadratic model in Table 4.7 confirms the area of operation 
which gives the maximum peak power performance. From Figure 4.1 1. a, it is clear 
that for this study, high catalyst loading (2 mg CM-2) was beneficial with best 
performance being achieved when the Nafion@ content was of the order of 20 to 30 
% wt. 
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Figure 4.11: 3D contour plots for peak power response. (a) Catalyst loading vs. Nafion@ 
content plot showing optimum Nafion@ content, (b) Catalyst loading vs. PTFE and (c) Nafione 
content vs. PTFE content 
This conclusion is aligned with the literature where a high Nafione content can cause 
greater mass transport problems across the film covering the catalysts, restricting the 
access of methanol and oxygen, Similarly low NafionOD content can result in a poor 
network of Nafion@ ionomer and low proton conduction in the catalyst layer and 
reduce performance [140]. The model also showed that the addition of PTFE did not 
have any noticeable effect on peak power performance. The loading of PTFE in this 
experiment was restricted to 20%. wt maximum and from Figures 4.1 1. b and 4.1 1. c, it 
can be observed that the addition of PTFE to both the anode and cathode catalyst 
formulation gave a similar response in terms of peak power for all levels of catalyst 
loading and Nafion@ content. 
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Overall from the peak power analysis it can be concluded that catalyst loading and 
the quadratic nature of Nafion@ content has a significant effect on peak power 
output. The analysis also suggested that the addition of PTFE (0 to 20 %. Wt) did not 
have a significant effect on the overall peak power performance. To explore this 
further a detailed analysis of the individual electrodes was performed. 
4.4.2 Cathode data analysis 
The full factorial analysis for the cathode data failed to provide any statistical 
significant model to predict the cathode response at 10 mA CM-2 due to presence of 
non-linearity. The analysis was subsequently repeated using the enhanced data set. 
From Table 4.8, it can be concluded that the extension of the full factorial design to a 
central composite design realised a better model compared to that reported in Table 
4.4. The model indicated that catalyst loading and the quadratic nature of Nafion@) 
content had a significant effect on cathode response. Again, there was no statistical 
evidence of a difference between the blocks and the model passed the lack of fit test. 
One of the limitations of this model was that it only explained 50% of the variation in 
the data. This may be a consequence of how the response data was attained, i. e. by 
summing the overall cell data and the anode polarisation data to give an 
approximation of cathode performance. 
Response: Cathode Voltage at I OmA CM, 2 
Hierarchical Terms Added after Manual Regression: B 
Analysis of variance table IPartial sum of squares) 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
'Block 1.64E-03 1 1.64E-03 1.50 
Model 2.27E-02 3 7.56E-03 6.90 0.0039 ... Significant A 1.08E-02 I 1.08E-02 9.87 0.0067 ... Significant B 6.72E-04 I 6.72E-G4 0.61 0.4457 .. added due to hierachy B2 1.12E-02 I 1.12E-02 10.21 0.0060 ... Significant Residual 1.64E-02 15 1.10E-03 
Lack of Fit 1.49E-02 II1.35E-03 3.42 0.1229 ... Not significant Pure Error 1.58E-03 4 3.95E-04 
Cor Total 4.08E-02 19 
I Std. Dev. 1 03 1 R-SquareE ýý 
I Mean 1 0.80 11 Adj R-Squared 1 0.50 1 
Final Equation in Terms of Coded Factors: 
Cathode Voltage at I OmA CM-2 =+0.82 +0.033*A -8.2E-03*B -0.052*B 2 
Final Equation in Terms of Actual Factors: 
, Cathode 
Voltage at 10mA cm'2 = +0.64 +0.04*A +0.01*B -2.3E-04*B2 
Table 4.8: AN OVA model for the cathode response at 10 mA CM-2 using CCD 
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To confirm the statistical validity of the CCD model, a residual analysis was 
performed. The normal probability plot, Figure 3.12. a, the residual versus predicted 
value, Figures 4.12. b, and residual versus run order plot, 4.12. c, showed that the 
residuals were normal and randomly distributed thus validating the fit of the model. 
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Figure 4.12: Residual analysis plot the cathode response CCD model (a) Normal probability 
plot of residuals, (b) Residual vs. predicted values and (c) Residual vs. experimental run order 
The main effects plot for the catalyst loading, Figure 4.13, suggests that a high 
catalyst loading results in better cathode performance. A high catalyst loading 
increases the number of active Pt catalyst sites thereby improving the oxygen 
reduction kinetics which in turn increases cathode performance [6,9,19,40]. 
Moreover the high catalyst loading also compensates for the mixed potential at the 
cathode caused by the methanol crossover phenomena and helps sustain cathode 
performance. The plot of Nafion@ content and catalyst loading shows the quadratic 
nature of Nafion@ content and suggests that to obtain a high cathode response at 10 
mA cm-', a Nafion@ content between 20 to 30 %. wt is beneficial. The dots at the 
centre of the main effects plot illustrate the high level of variation in the cathode 
response arising from the variation in MEA fabrication. 
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4.4.3 Anode data analysis 
From the ANOVA, a factorial model was identified, Table 4.9. The model predicted 
85% (adjusted R-square = 0.85) of the variability in the data. A more detailed 
examination of the model showed that catalyst loading (A) and Nafion@) content (B) 
had a significant influence on the anode response. The three-way interaction 
between A, B and C i. e. catalyst loading, Nafion@ content and PTFE content was 
also significant. Although PTFE content (C) and the interaction of catalyst loading 
with Nafion@ content were not significant, they were included to maintain the 
hierarchical structure. These results and the overall anode model align with the full 
factorial model in Table 4.5. 
To statistically validate the model, a residual analysis was performed. The normal 
probability plot of residuals in Figure 4.14. a showed that the residuals were normally 
distributed. The residual versus predicted value plot and residual versus run order 
plot, Figures 4.14. b and 4.14. c, indicated that the residuals were randomly 
distributed. On the basis of these plots it can be concluded the model in Table 4.9 
was good fit. 
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Response: Anode Current at 0.25 V 
Hierarchical Terms Added after Manual Regression: C, AB 
Analysis of variance table [Partial sum of squares] 
I 
Q.. - -4: u- E 
Response: Anode Current at 0.25 V 
Hierarchical Terms Added after Manual Regre ssion: C, AB 
Analysis of variance table [Partial sum of squa res] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Block 7.67 1 7.67 3.63 
Model 230.24 7 32.89 15.58 < 0.0001 ... Significant A 91.11 1 91.11 43.15 < 0.0001 ... Significant B 46.16 1 46.16 21.86 0.0007 ... 
Significant 
C 0.31 1 0.31 0.15 0.7106 
.. added due to hierachy AB 3.99 1 3.99 1.89 0.1966 
.. added due to hierachy AC 12.63 1 12.63 5.98 0.0325 ... 
Significant 
BC 13.30 1 13.30 6.30 0.0290 ... Significant ABC 62.75 1 62.75 29.72 0.0002 ... Significant Residual 23.22 11 2.11 
Lack of Fit 19.62 7 2.80 3.11 0.1447 ... Not significant Pure Error 3.60 4 0.90 
Cor Total 261.14 19 
I Std. Dev. 1 1.45 1 1 R-Squared 
I Mean 1 4.68 1 Adj R-Squared 1 0.85 1 
Final Equation in Terms of Coded Factors: 
Anode Current at 0.25 V= +4.55 +3.02*A -2.15*B +0.17*C -0.71 *A*B +1.26*A*C -1.29*B*C - 
2.80*A*B*C 
Final Equation in Terms of Actual Factors: 
Anode Current at 0.25 V= +8.69 -2.31 *A -0.29*B -0.76*C +0.19*A*B +0.79*A*C +0.02*B*C - 
0.02*A*B*C 
I 
Table 4.9: ANOVA for the anode response at 0.25 V using CCD 
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The influence of various factors on the anode response is explained on the basis of 
three-factor interaction between catalyst loading (A), Nafion@ content (B) and PTFE 
content (C), Figure 4.15, as focussing on the main effect plots in the presence of 
higher order interactions can be misleading. 
Figure 4.15. a, indicates that when PTFE is not present (0 %. Wt) in the anode catalyst 
formation, the combination of low Nafion@ content (10 %. wt) with both low and high 
catalyst loading results in a similar anode response. This is evident from the 
overlapping LSD I -bar of low Nafion@ content (B-) at high and low catalyst loading. 
The presence of Nafion@ in the catalyst layer aids the formation of a continuous 
network for proton conductivity resulting in higher anode performance [132,140-1421. 
From the analysis of the experiments a combination of low Nafion content (10 %. Wt) 
and low catalyst loading (0.5 mg CM-2 ) resulted in an adequate proton network. 
However as the level of catalyst loading is increased to 2 mg CM-2, anode 
performance decreases (Figure 4.15. a) due to insufficient Nafion@ to form a 
continuous proton network. This effect is reduced through the contribution of high 
(B+) Nafion@) content (40 %. wt) and high catalyst loading (2 mg CM-2 ) as observed in 
Figure 4.15. a. However the difference in anode response when considering the least 
significant difference are statistically equal at 10 %. wt Nafion@ content (B-) for a high 
catalyst loading. In conclusion, from Figure 4.15. a, it can be hypothesised that in the 
absence of PTFE attainment of a higher anode response is dependent on the level of 
Nafion@ content and catalyst loading. 
When 10 %. wt PTFE is added to the catalyst formulation, the optimum Nafione 
content is reduced to 10 %. wt and -overall anode performance, at 0.25 V, slightly 
increases, as shown in Figure 4.15. b. PTFE is hydrophobic in nature and its addition 
to the anode catalyst formulation can promote areas of relatively high and low 
hydrophobicity thereby encouraging gas and liquid flow to and from the active 
catalyst site and hence increasing anode performance [136]. The plot also indicates 
that a combination of high Nafion@ content (40%. wt) and 10%. wt PTFE for both high 
and low catalyst loading results in poor anode performance. This is potentially due to 
the blockage of the electron transfer path and active catalyst site by both PTFE and 
Nafion@ content. The dots at 1.25 mg CM-2 catalyst loading, denotes the anode 
response for the centre point experimental runs and highlight the level of variation 
(mean = 4.753 mA CM-2 and standard deviation = 0.943 mA CM-2) in the design. The 
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ANOVA model in Table 4.9 takes account of this variation when modelling the anode 
response. 
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Figure 4.15: Three factor interaction plot for the anode response. Interaction of catalyst 
loading with Nafion@ content at (a) 0 %. wt PTFE, (b) 10 %. wt PTFE and (c) 20 %. wt PTFE 
When a high level of PTFE (20%. wt) is added to the anode catalyst formulation, the 
optimum NafionS content of 10% (B-), with a combination of high catalyst loading (2 
Mg CM-2) , results 
in highest anode response (Figure 4.15. c). The increase in the 
addition of PTFE increases the size of hydrophobic pores forming a continuous 
channel in the catalyst layer. These channels provide additional room for carbon 
dioxide gas evolved during the reaction to leave the anode catalyst site, improving 
the mass transfer within the electrode and thereby increasing the anode response 
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[136]. From the three factor interaction, the use of low catalyst loading (0.5 Mg CM-2) 
with high PTFE (20 %. wt) and high (B+) NafionO content (40 %. wt) appears to result 
in the active catalyst site being blocked and resulting in poor performance. Similarly 
the use of 20 %. wt PTFE and 10 %. wt Nafion@ content (B-) with a low catalyst 
go 
loading can damage the proton network materialising in poor anode performance. 
In summary, the anode response at 0.25 V increases with an increase in catalyst 
loading. In the absence of PTFE, a significant interaction between the catalyst 
loading and Nafion@ content is observed. Furthermore the addition of PTFE mainly 
influences the Nafion@ content in catalyst formulation. It can be also observed that 
anode catalyst formulation with PTFE (10 and 20 %. wt) gives better performance 
compared with catalyst formulation without PTFE (0 %. wt). 
4.5. Effect of Catalyst Formulation on Methanol Crossover 
To analyse the effect of catalyst formulation on methanol crossover through the 
membrane, the crossover current using nitrogen at the cathode were measured 
(section 3.3) and analysed. The effects plot for the methanol crossover current is 
shown in Figure 4.16. Since all main effects and interactions (orange squares in 
Figure 4.16) lie in a straight line, it can be concluded that in this study none of the 
factors or interactions in the catalyst formulation have a significant impact on 
methanol crossover from anode to cathode. 
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Figure 4.16: Half normal probability plot for identifying effects and interactions affecting the 
methanol crossover response. 
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As observed in Chapter 2, the methanol crossover through the membrane was 
mainly influenced by the concentration of methanol, cell temperature and their two- 
factor interaction. In this study the operating parameters methanol concentration and 
cell temperature were held constant at 1M and 90 OC respectively. This resulted in 
an almost constant crossover rate for all the experimental runs summarised in Table 
4.2. 
4.6. Conclusions 
An initial analysis of a full factorial design with four centre points for peak power and 
cathode data revealed that there was curvature in at least one of the factors 
considered in the design. Additionally a full factorial study for the anode data 
suggested that additional experimental runs were needed to validate the higher order 
interaction model. To address these issues the full factorial design was increased to 
a central composite design. 
The central composite design for the peak power and cathode data at 10 mA CM-2 
response suggested that high catalyst loading had a significant effect on both the 
responses. The responses increased with an increase in catalyst loading from 0.5 to 
2 mg CM-2. Both models also identified that the non-linear behaviour of Nafion@ 
content was significant. The models suggested that an optimum level of Nafione 
content was needed for effective utilisation of the catalyst which can provide a proper 
network of Nafion@ ionomer for proton conduction and avoid pore blockage and 
electrical resistance due to swelling. The optimum Nafion@ content was between 20 
to 30 %. wt for the catalyst loading levels (0.5 to 2 mg CM-2) considered in the design. 
Analysis of the anode response at 0.25 V confirmed that the three-way interaction 
between catalyst loading, Nafion@ content and PTFE content had a significant effect 
on the anode response. The analysis suggested that the anode response increased 
with an increase in catalyst loading and the addition of PTFE had an influence on 
anode response and optimum Nafion@ content in the anode catalyst formulation. 
From the model it can be concluded that when PTFE is excluded from catalyst 
formation, the interaction between catalyst loading and Nafion@) content influences 
the anode response and the highest anode response is achieved with a combination 
of high Nafion@ content (40 %. wt) and high catalyst loading (2 mg CM-2). On the 
contrary, with the addition of PTFE (10 and 20 %. wt) the optimal Nafion@ content 
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changed to 10 %. wt and resulted in better anode performance for both high and low 
catalyst loading compared to catalyst formulation without PTFE. 
In this study, the experimental runs needed for the CCID were separately blocked to 
take account of the variability due to factors such as experimenter performance and 
raw material. Analysis of blocks for all. responses in the central composite design 
suggested that there was no significant difference between the blocks. 
In conclusion, the application of response surface methodology helped in 
understanding the critical interactions and non-linearity present in the design. 
Additionally, the design of experiment technique took account of the variability 
associated with the experiment and identified statistically significant models. The 
overall cell, anode and cathode data analysis revealed that catalyst loading is a 
critical factor which affects the cell and individual electrode response. To further 
understand the effect of this critical parameter on DMFC catalyst formulation, 
comprehensive knowledge of the methanol oxidation mechanism and the oxygen 
reduction mechanism at the anode and cathode respectively is needed. This is 
addressed in the subsequent chapters through the application of semi-empirical 
modelling techniques for both anode and cathode of the DMFC. 
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Chapter 5 
KINETIC MODELS FOR THE ANODE BASED 
ON SURFACE COVERAGE 
5.1. Introduction 
The relatively slow rate of anodic methanol oxidation is one of the limitations 
presently hindering the widespread application of the DMFC [5,6,8,40,143). 
Consequently to optimise DMFC performance, a clear understanding of the rate 
limiting reaction and methanol oxidation reaction mechanism on platinum or-its alloys 
is required. Understanding the reaction mechanism will help to generate better 
catalysts. Additionally, understanding the limiting reaction step will help determine the 
control strategy thereby improving the overall DMFC performance. One approach 
may be by periodically removing the adsorbed reaction intermediate species [6,120, 
143]. Based on the pioneering work of Bagotzky et al., (1977) [144] a number of 
mechanisms have been proposed to describe the methanol oxidation process. At 
present Pt-Ru alloy is considered to be the state-of-the-art candidate for practical 
anode catalysis in the DMFC and the common consensus is that the electro- 
oxidation of methanol on Pt-Ru occurs via a dual site mechanism [18,43-45,120, 
143,145]. Despite this significant advancement, only a limited number of kinetic 
models have been reported to describe the rate limiting process and to predict 
anode fuel cell polarisation behaviour [81,99-101,104]. 
In this chapter, kinetic models for the DMFC anode are proposed with the aim of 
developing kinetic equations based on the reaction mechanism which returns the rate 
determining reaction step. In this chapter, two detailed kinetic models based on 
surface coverage, described by a dual site mechanism, are proposed [37,38). The 
kinetic models are temperature dependent and effectively describe the surface 
coverage of all the intermediate species involved in the methanol oxidation reaction 
in addition to identifying the rate limiting step. An analysis of the detailed surface 
coverage models indicated that the anode model can be simplified by not taking into 
account some of the kinetic parameters included in the initial kinetic models. Based 
on this approach, a simplified model derived from the similar reaction mechanism 
that returns current density is consequently proposed [38]. Simulations of the surface 
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coverage for different species and anode performance from the proposed dual site 
kinetic equations are also developed for high methanol concentrations. The models 
were developed using the graphical programming language, LabVIEW [115] and 
validated using experimental data generated using a conventional porous anode for 
various methanol concentrations (0.5,1 and 2 M) and temperatures (30,60 and 90 
'C) [311. 
5.2. Oxidation of Methanol at the Anode 
Several schemes have been proposed for the oxidation of methanol at the anode [6, 
29,43,47,125,145,146]. The basic mechanism for methanol oxidation can be 
summarised in terms of two functionalities; the electrosorption of methanol onto the 
substrate and the subsequent addition of oxygen to the adsorbed carbon-containing 
intermediates to generate carbon dioxide. In practice, only a few electrode materials 
are capable of adsorbing methanol. In acidic media, only platinum (Pt) and platinum- 
based catalysts have been found to exhibit reasonable activity, and hence the 
majority of mechanistic studies have concentrated on these materials [47,48,125, 
147-1491. With respect to Pt, the adsorption of methanol is believed to take place 
through a series of steps that follow a six electron donation process [29]. The first 
step is the dissociative chemisorption of methanol onto the Pt surface. This involves 
the successive donation of electrons (e-) to the Pt catalyst according to the following 
reaction steps: 
Pt + CH30H -> PI - CH20H + H+ + e- 
Pt - CH20H -)'P'2 - CHOH + H' 
pt2 
- CHOH -)'pt3 - COH + H+ + e- 
5.1 
5.2 
.. 5.3 
A surface rearrangement of the methanol oxidation intermediates (Pt3-COM from the 
dissociative chemisorption of methanol on Pt generates carbon monoxide (CO) that 
is linearly or bridge-bonded to the Pt-sites: 
p13 - COH --> Pt - CO + 2Pt + H+ + e- ... 5.4 
When pure Pt catalyst is used, without a promoting element, the water discharge 
occurs at high anodic overpotentials (-0.9 V versus reference hydrogen electrode 
(RHE) [19]) with the formation of Pt-OH species, at the platinum surface: 
Pt+H20->pt-OH+H++e- 5.5 
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The final step, on Pt sites, is the reaction of Pt-OH groups with neighbouring 
methanolic residues (Pt-CO) generated from reaction 5.4 to give carbon dioxide: 
Pt-OH+Pt-CO->2Pt+CO2 +H'+e- ... 
5.6 
Thus as shown in Figure 5.1, on the pure Pt surface, at low potentials, -CO groups 
are adsorbed while at high potentials, chernisorption of -OH groups takes place 
during the electro-oxidation of methanol with both processes being distinct. Due to 
this, Pt alone is not sufficiently active and thus there is a need for a promoter that 
effectively provides oxygen in some active form to achieve facile oxidation of the 
chemisorbed CO on Pt. 
9) 
u 
U 
Figure 5.1: Function of binary Pt-Ru catalyst for methanol oxidation 
In the literature, a number of approaches for Pt promotion have been proposed [43, 
48,119,149]. One approach that has been shown to be effective is through the use 
of alloys of Pt with different metals such as ruthenium (Ru), osmium (0s) or tin (Sn). 
In these cases, the second metal forms a surface oxide in the potential range for 
methanol oxidation to occur. Of the various methanol oxidation catalysts Pt-Ru and 
Pt-Sn have been the most widely studied [9,19,143,146,148,149). It has been 
shown that the alloying of Sn and Ru with Pt gives rise to electrocatalysts, which 
promote the oxidation of methanol and related methanolic species. Thus on a Pt-Ru 
alloy, as shown in Figure 5.1, due to the addition of Ru, water discharge occurs on 
Ru-sites at much lower potentials (-0.3 V versus RHE [19]) compared to the pure Pt 
catalyst (reaction 5.5): 
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Rit + H20 -> Ru - OH + H+ + e- ... 5.7 
The final step on the Ru site in a Pt-Ru alloy is the reaction of the Ru-OH groups with 
the neighbouring methanolic residues (Pt-CO), generated in reaction 5.4: 
Rii-OH+Pt-CO--> Ru+Pt+CO2 +H'+e- ... 
5.8 
Overall, for the dual site Pt-Ru catalyst, Figure 5.1, Ru acts as a promoter for 
methanol oxidation consequently the chemisorption of the -OH groups shifts to lower 
potentials and overlaps with the region where the -CO groups are adsorbed on the 
catalyst, thereby facilitating effective oxidation of methanol on Pt-Ru alloy compared 
to pure Pt. 
5.3. Experimental Setup 
The experimental data used for validating the models, developed in the subsequent 
sections was attained from a porous anode type of direct methanol fuel cell (31]. The 
methodology for the detailed preparation of the membrane electrode assembly is 
similar to that described in sections 3.3. Anode data were collected using the cathode 
as a pseudo reference electrode, by feeding 5 %. vol hydrogen in nitrogen stream and 
polarising the cell between OCP and 700 mV using liquid methanol as the fuel at the 
anode side. Conditions of temperature and concentration were varied between 30 
and 90 *C and, 0.5 and 2M respectively, and the system was given approximately 2 
hours to equilibrate before testing. All experiments were carried out under 
galvanostatic conditions, i. e. the electrical cell current was fixed and defined as the 
input variable with the resulting cell voltage being measured and defining the output 
variable [31). 
5.4. Model Formulation 
State-of-the-art DMFC applications have reported the use of the Pt-Ru catalyst [6,9, 
19,143]. It is evident from section 5.2 that the electrochemical oxidation of aqueous 
methanol is a complex multi-step reaction based on the dual site mechanism. Recent 
studies have validated the dual site concept using in-situ FTIR spectroscopy and 
electrochemical mass spectrometry [45,148,150). Thus in this work, a kinetic model 
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utilising a dual site mechanism of methanol oxidation on Pt-Ru catalyst using the 
Gasteiger et al., (1994) [119] approach is proposed. The basic steps are: 
k, 
CH30H<---), CH OH, d, ... 5.9 3 
k, 
CH30H, d, -1ý 
COd, + 4H+ + 4e- ... 5.10 
k3,1 
H20<-->OH, d,. p, +H+ +e- ... 5.11 k;,, 
k3.2 
H20 <--> OHd,. R, + H+ + e- ... 5.12 k;. 2 
CO 
k4.1 
adg 
+ (OHads, h + 
OHads. 
Ru) -)CO2 + H+ +e... 5.13 k4.2 
By using the dual site mechanism, it is assumed that reactions 5.9 to 5.11 occur 
primarily on the Pt site and reaction 5.12 on the Ru site. The dissociative 
chemisorption of methanol on Pt involves the transfer of four electrons, as observed 
in reactions 5.1 to 5.4. However in the above simplified reaction mechanism, the 
dissociative chemisorption of methanol on Pt is combined in one irreversible reaction 
5.9. The water discharge reaction 5.11 and 5.12 occurs on both, the Pt and Ru 
catalyst sites. Finally the surface reaction, 5.13, is believed to occur on both the Pt 
and Ru sites depending on the hydroxyl ion. 
For the kinetic model, the surface coverage of the different 
species (0m, OC09 OOH,,,, and OOH, Ru) involved in the above reaction steps is of 
importance. Using the steady state approximation model [151], the rate of change of 
the surface coverage of the different intermediate species (0, ) on both catalyst sites 
for reactions 5.9 to 5.13 can be derived as follows: 
Fr' dO (52 ') r ý41 = kC, &f (I - 001j. 1,, - Oco - OA, kl'O, &f - k2O,, e RT ... 5.14 dt 
dOco (ý2rL`) 
(I-P4)rE 
r- 
= 
k2 OA, e 
RT 
-k4,10011,1'10coe 
RT 
-k4,200H, RuOcOe 
RT 
.... 5.15 dt 
I- rE (-fl, )rE d0olIX, 
L- #3) 
)-( 
(I-AWE 
F- 
= k3, jajj. O (I - 
OOH 
p, -OcO-OAf)e 
RT -k3, IOOH, ],, e 
RT - k4, IOOH. I', 
OCOe RT 
dt 
5.16 
doOH, 
Ru ( 
(I-P3)rL" 
)I( 
(-, 03)FE 
( 
(I-P4)rE ) 
di 
= k3,2aHO (I - 
0011, 
Ru)e 
RT 
- 
k3,200H, 
Rue 
RT 
- 
k4,20011, 
RuOcoe 
RT 
... 
5.17 
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where, F is site density (Mol M-2) I aH20 is activity of water, 0, ýf, Oco, OOH,,,, and 
OOH, Ruare the surface coverage of methanol, carbon monoxide, hydroxyl ion on the Pt 
site and the hydroxyl ion on the Ru site respectively. Cm is the concentration of 
methanol (M), F is Faradays constant (96487 As mol-1), E is cell potential (V), R is 
gas constant (8.314 J mol-' K71), T is cell temperature (K) and ki, aj and A are the 
reaction rate constants, electrochemical transfer coefficient and transfer coefficient 
for kinetic equation (i) respectively. 
The overall rate of anodic reaction (r4) for the surface reaction 5.13 can be described 
by: 
(I-fl4)FF 
RT RT k4, 
IOOH, I'IOCOe +k4,200H, Rut9coe 5.18 
This overall rate of reaction is also related to the cell current density (j) through 
Faraday's law: 
7'4 -": 
i 
nF 
5.19 
where, j is the cell current density (A M-2 ) and n is number of electrons transferred in 
the methanol oxidation reaction. 
Substituting Eq. 5.18 into Eq. 5.19: 
( 
O-P4 )FE 
)( 
(1-94)rE 
) 
. -. j=n*F*r4=n*F* 
k4, 
IOOH,,,, 
Ocoe RT + k4,200H, Ru 
0 
Coe 
RT 
.... 
5.20 
From the above equation it c; ýn be observed that the anode current density 
depends on the surface coverage of hydroxyl ions on both the Pt and Ru sites (eoHPt 
andeOH, RLd- On the Pt catalyst sites, depending on the reaction mechanism and cell 
potential, the adsorption of hydroxyl ions (eoH, pd may be small or almost equal to that 
of the Ru sites (eOHRU). This theory leads to two important categories of model 
formulation, described in the subsequent sections by Case A (where adsorption of 
eoH, is considered to be negligible compared to that of 
eoHR, ) and Case B (where 
adsorptionofeoH, was considered to be the same as thatof eOH, Ru)- 
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5.4.1 Case A 
In this model, it is assumed that the water discharge reaction mainly occurs on the 
Ru catalyst site. Due to this, the surface coverage of the hydroxyl ion on the Pt sites 
is much less than on the Ru sites (i. e. OOH,,,, <"ý OOH, Ru) and hence can be neglected 
(eOH, pt = 0). The steady state surface coverage Eq. 5.14 - 5.17, in this case assuming 
the activity of water is unity, i. e. ajj,. O = 1, simplify to give: 
ELFE 
OCO 
=I - Om - -L, 
04f k2Oe( RT 
.... 5.21 k, C, %, kjCm 
(L2 
k2O,, e RT 
.... 5.22 OCO = (1-104VE' 
k4,20011, 
Rue 
R7 
( 
(1-J63)1' -r0-, 63 FL` (-fl3)1"E 
k3 RT RT RT 
OCO = 
2e 
k3,200H. 
Rue 
O-MI' -E 
k3,200H, 
Rue 
... 5.23 
k4,20011,1? ue 
( 
Eq. 5.21 to 5.23 can be resolved to give the surface coverageof eOH, R, and Oco. By 
substituting these values and setting eoH, = o, in to Eq. 5.20, the cell current density 
for varying cell potential can be modelled at various methanol concentration and cell 
temperature: 
O-fl4)FE 0 P4 ) rE, 0 k-) RT RT nxFx k4j. 0.61H! 
<1 
+ k4,200H, RuOcoe ... 5.24 
Ocoe ( 
0-&)FE) 
... 5.25 j=nxFx 
k4,20011, 
Ru 
RT 
5.4.2 Analysis of the Case A Model 
Figure 5.2 shows the fit of the model (Eq. 5.25) to the experimental data for various 
methanol concentrations (0.5,1 and 2 M) and temperatures (30,60 and 90 'C) for a 
conventional porous carbon supported anode. From Figures 5.2. a, 5.2. b and 5.2. c, it 
can be observed that the anode polarisation experimental data show a strong 
dependence on cell potential, cell temperature and methanol concentration. This 
dependence on anode polarisation is captured by the model, since the model and the 
surface coverage, as seen in equation 5.21 to 5.25, depend on the cell temperature 
(T), cell potential (E) and methanol concentration (Cm). The transfer coefficients and 
electrochemical transfer coefficient for the model are taken as, 133= P4= 0.5, a2= 0.79 
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respectively [1001. The remaining kinetic parameter values, obtained by fitting the 
model to the experimental data, are summarised in Table 5.1. 
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Figure 5.2: Model versus experimental fit for porous anode cell at various temperatures (30, 
60 and 90 OC) and methanol concentrations (a) 0.5 M (data for 30 OC was not available [31]), 
(b) 1M and (c) 2M 
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Parameters Fit at 30 OC Fit at 60 "C Fit at 90 OC 
k, 0.8 X 10-6 M S-1 2.8 X 10-6 M S-1 5.3 X 10-6 M S-1 
k, 10-3 Mol M-2S-1 0.4 X 
k2 0.3 X 10-8 Mol M-2S-1 
k3,2 4X 10-5 Mol M-2S-1 
k. 
3,2 
2X 10-5 Mol M-2S-1 
1.1X 10-3 Mol M-2S-1 
8X 10-8 Mol M-2S-1 
4X 10-5 Mol M-2S-1 
1.8 X 10-5 Mol M-2S-1 
1 
. 
9X 10-3 Mol M-2S-1 
4.9 X 10,7 Mol M-2S-1 
5X 10-5 Mol M-2S-1 
1.8 X 10-5 Mol M-2 s -1 
k4 5.3 X 10-2 Mol M-2S-1 5.3 X 10-2 Mol M-2S-1 5.7 X 10-2 Mol M-2S-I 
Table 5.1: Kinetic parameters used in dual site Model A 
The proposed dual site model is based on kinetics and it is essential that it fits the 
experimental data at the low current end of the polarisation, i. e. the activation region, 
where there are no mass transfer limitations and the system is dominated by kinetics 
[104]. Hence along with the anode polarisation curve in this work, the model was also 
fitted to the log of cell current density, i. e. the Tafel plot. Figures 5.3, shows the fit of 
the model for 0.5,1 and 2M methanol concentrations for different cell temperatures, 
30,60 and 90 OC. From Figure 5.3 it can be observed that the model fits the anode 
polarisation curve at the lower end, thus confirming reliable prediction of kinetic 
behaviour. 
Further confirmation that the model captures the behaviour of the system is through 
examining the correlation of the kinetic currents of the predicted Tafel slope at one 
potential and three temperatures [29,119]. The activation energy was derived from 
the Arrhenius relationship and used to assess whether the solution for the dual site 
catalyst lay within the range 30 - 70 U mol-1 [44,119]. Figure 5.4 shows the 
Arrhenius plot of the correlation of the log of cell current density (in J) at 0.4 V and the 
inverse of cell temperature (T-) for different methanol concentrations. The activation 
energy (E, ), estimated from the product of the gas constant (R) and the slope from 
the linear fit to the In j vs. T -' data as utilised in Figure 5.4, was in the range of 40 - 
43 W mol-', which further validated the model fit. 
The resulting surface coverage of the methanol and hydroxyl ions predicted from 
Model A for the porous anode cell is shown in Figure 5.5. From Figures 5.5. a, 5.5. b 
and 5.5. c, it can be observed that the surface coverage of methanol (em) decreases 
with an increase in cell potential, whereas the surface coverage of hydroxyl ion on 
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ruthenium (eOH, Ru) increases with an increase in cell potential. The surface coverage 
of methanol, em and the hydroxyl ion on ruthenium, eOHR, also increases with an 
increase in methanol concentration and cell temperature and thus shows a strong 
dependence on cell temperature and methanol concentration. Consequently due to 
this dependence on em and eOH, Ru, it can be concluded that the "whole" anode 
polarisation curve of a DMFC depends strongly on cell temperature and methanol 
feed concentration [29,81,99-101]. 
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The ratio of catalyst content used in the experiment for Pt-Ru was 1: 1 [31]. With this 
high content of Ru in the catalyst, there should be a decrease in the steady state 
occupation of the adsorbed CO due to efficient CO removal and a reduced CO 
adsorption rate. The surface coverageofco (eco) resulting from Model A, shown in 
Figure 5.6, validate this argument and confirm that the surface coverage of carbon 
monoxide, eco isclose to zero for the entire potential range and is almost negligible 
after 0.3 V. This result is in accord with the literature [100,101,125,150]. 
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Figure 5.6: Resulting surface coverage of CO (eco) from dual site Model A for different cell 
temperatures for 2M concentration 
A feature of the kinetic model of methanol oxidation, based on surface adsorption, is 
the production of a limiting current density. This behaviour is frequently observed in 
experimental DMFC tests. To identify the limiting "reaction" step in this modelling 
procedure, the reaction constants in Eq. 5.9 - 5.13 were varied (by changing the 
values + 20% to that reported in Table 5.1) and the effect on the entire anode 
polarisation curve was observed, as shown in Figures 5.7. a and 5.7. b. Adopting this 
method, it was found that reaction 5.9 limits the reaction over the entire potential. The 
change in the kinetic constant (ki) for reaction 5.9 primarily affects the tip of the 
polarisation curve for potentials above 0.4 V (Figure 5.7. a), whilst the change in 
kinetic constant (k2) for reaction 5.10 only affects the middle portion of the 
polarisation curve i. e. between 0 and 0.35 V as shown in Figure 5.7. b. Reaction 
constants in Eq. 5.11,5.12 and 5.13 did not have a significant impact on the 
polarisation curve of the anode compared to k, and k2, but slightly affected the 
surface coverageofem, eco and i9oHR,,. 
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5.4.3 Case B 
For this modelling approach, it is assumed that the surface coverage of the hydroxyl 
ion on the Pt site and Ru site is approximately the same and for simplicity, it was also 
assumed that the surface reaction on both the Pt and Ru sites, Eq. 5.13, occur at the 
same rate (i. e. k4,1 = k4,2 = k4). Thus the steady state surface coverage, Eq. 5.14 - 
5.17, assuming the activity of water is unity, i. e. a 1120 reduce to: 
k, , Oxf k2 04f e( 
RT 
OCO =I- 0011j" - -4f C-k --- .... 
5.26 
1 Af) icm 
(a2 
F-- 
) 
OCO k20A, e 
RT 
k4 (0011,11 + 0011, Ru 
)e RT 
0.1 
5.27 
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( 
(1-ß3 )l' ,E)( (-ß3 
) 
k3,1 (1 - 
OOH, 
1'1 0 )e k3, IOOH, 1ý, e 
RT 
0(10 = .... 5.28 1-ß3 ) 17 l' '"1, ' ( (1-ß4 )T, 
k3e RT + k40OH, I'le RI' 
()( (-ß3)FE 
k3,2 (1 - 0(), )e 
RI' k3,20OH, 
Rue 
RI' 
0(10 
= 
(1-ß4)"ýIý, ý - .... 5.29 
k4 OOH, 
Ru e RT , 
Inclusion Of eOH, pt resulted in the inclusion of two additional kinetic parameters 
(k3,1 
and k", ) in the modelling process, resulting in the above set of non-linear 3 
equations. The solutions of these non-linear equations (Eq. 5.26 to 5.29) were 
incorporated into Eq. 5.20 to model the cell current density for varying cell potentials 
at different methanol concentrations and cell temperatures: 
( 
('-, 64)1'7 
)( 
('-, 64)/' 
) 
j=nxFx k4,100HM0C0e RT +k4,200HRuo( ()e RT ... 5.30 
.. j=nxFxk4O(. ()e 
( 
WAY' 
) (00HP1 
+ OOHRu) 
... 5.31 
This model was able to describe the behaviour of the hydroxyl ions on the Pt site 
(eo, 
pt). However the inclusion of two additional kinetic parameters, (k,, and 
k3, 
31 
resulted in a non-linear set of equations, resulting in a more complex modelling 
procedure than for Model A. To address this, the kinetic parameters from Model A 
were used as initial estimates in the mathematical software, Maple (version 9) [152], 
and the remaining kinetic parameters for Model B were then estimated. The two 
additional kinetic parameters estimated using this procedure are given in Table 5.2. 
Parameters Fit at 30 OC Fit at 60 "C Fit at 90 OC 
k 
3j 
5X 10-5 Mol M-2S-i 3.2 X 10-5 Mol M-2S-1 5X 10-5 Mol M-2S-1 
2X 10-5 Mol M-2S-I 1.9 X 10-5 Mol M-2S-I 1.6 X 10-5 Mol M-2S-I 
Table 5.2: Additional kinetic parameters used in dual site Model B 
5.4.4 Analysis of the Case B Model 
Figure 5.8 shows the fit of Model B to the experimental data of the porous anode for 
varying temperatures and concentrations. From Figures 5.8. a, 5.8. b and 5.8. c, it can 
be observed that the model adequately explains the dependence of anode current 
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density on cell temperature, potential and methanol feed concentration. The fit of the 
model was further validated from Figure 5.9. The model fitted the experimental data 
well at the lower end of the polarisation curve, Figure 5.9. a, and the resulting 
activation energy obtained by this modelling procedure lay between 38 to 44 W mol-, 
(Figure 5.9. b). Based on these findings, it can be concluded that the model 
adequately predicts the kinetic behaviour of the anode. 
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Comparing the fit of model B (Figure 5.6 and Figure 5.9. a) with model A (Figure 5.2 
and 5.3) it can be observed that at low potentials (below 0.4 V) both Model A and B 
gave approximately similar fits as they were based on the same kinetic mechanism 
and kinetic parameters. However at high potentials (above 0.5 V), near the region of 
mass transport, a curving back phenomenon is observed with Model B, especially for 
higher temperatures (60 and 90 'C). The additional two kinetic parameters may be 
the reason for this curving back phenomenon. Thus to verify this hypothesis, the 
surface coverage of different intermediate species, attained by implementing Model B 
was analysed, Figure 5.10. 
The surface coverage plot, Figure 5.10, revealed that the hydroxyl ion intermediate 
on Pt sites, eOH, Pt, increased with an increase in potential thereby competing with the 
surface coverage of methanol (em) and thus causing the curving back of the anode 
polarisation curve at high potentials (above 0.5 V) in Model B. These results are in 
agreement with other published work [29,100,101]. From Figure 5.10, it can be 
* 2M 
im 
Linear (1 M) 
Linear (2 M) 
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observed that similar to Model A (Figure 5.5), the surface coverage of methanol, em, 
decreases at potentials above 0.4 V whereaseoHpt andeOHRu increase for potentials 
above 0.4 V in this kinetic model. The use of identical kinetic mechanisms and kinetic 
parameters for model B could be a potential reason for this similarity. The resulting 
surface coverage for carbon monoxide, eco, was also similar to that attained for 
Model A, as shown in Figure 5.6, and remained close to zero over the entire potential 
range. 
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As illustrated in Figure 5.7, the limiting reactions for this model were identified by 
varying the reaction kinetic constants. Due to the reaction mechanisms and kinetic 
parameters being similar to Model A, it was observed that for this modelling 
procedure, reaction (5.9) was limiting at high anode potentials and reaction (5.10) 
only affected the anode polarisation at potentials below 0.3 V. The inclusion of two 
kinetic parameters affected the surface coverage of eoHpt but overall its impact on 
anode polarisation was insignificant when compared to other kinetic parameters (ki 
and k2). 
5.5. Simulation 
To identify the effect of high methanol concentrations on anode performance, a 
simulation of the anode polarisation curve for higher methanol concentrations (3M, 
4M and 5M) at a cell temperature of 60 'C was generated using both surface- 
coverage based kinetic models. The resulting anode polarisation curves and surface 
coverage plots are shown in Figure 5.11. The surface coverage of all the 
intermediates (em, eoHpt and eOHRu), in Figures 5.11. b and 5.11A, reveals that the 
anode polarises at high anode potentials due to the saturation of methanol (em) and 
the coverage of the entire catalyst surface by hydroxyl ions (eOHpt and eOHR,, ). The 
simulation results also show a significant curving back of the anode polarisation 
curve for Model B (Figure 5.11. c). This curving back phenomenon is due to the 
competition from additional intermediates on the Pt sites in Model B as shown in 
Figure 5.11. d. The surface coverage of methanol, em, decreases with an increase in 
the anode potential and botheoHpt andeOHRLI start covering the surface area on the 
platinum and ruthenium sites respectively. This increase in eoH, on the Pt sites 
effectively blocks further adsorption of methanol on Pt and thus, with an increase in 
the potential, the current density starts to decrease, which materialises in the curving 
back of the polarisation curve. 
Compared with Model B, in Model A it is assumed that the surface coverage of the 
hydroxyl ion (eopt) is much less on Pt sites than on Ru sites. The Pt site is thus 
dominated by methanol and with an increase in potential there is no competition from 
additional intermediates, likeeopt, on the Pt sites for surface coverage as shown in 
Figure 5.1 1. b. Hence in Model A, with an increase in potential, the anode polarisation 
curve increases continuously without any curving back, Figure 5.1 I. a. A feature of 
the model is that methanol oxidation continues to improve, i. e. lower polarisation is 
observed, at higher methanol concentrations (i. e. anode polarisation at 5 M> 4 M> 3 
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M). It would be interesting to explore this behaviour further in real fuel cell tests to 
improve the overall performance of the DMFC provided the issue of methanol 
crossover is resolved, i. e. the high cathode polarisation caused by high methanol 
concentrations. 
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Figure 5.11: Simulation results on both the dual site model at 60 OC with varying methanol 
concentrations (-3 M; ---- 4 M; and ****'*" 5 M) (a) Simulation results from Model A, (b) 
resulting surface coverage from Model A, (c) simulation results from Model B and (d) resulting 
surface coverage from Model B. 
5.6. Simplified Anode Model 
The detailed kinetic models described in section 5.4 fitted the experimental data well 
but due to the presence of non-linear equations and the determination of 6 to 8 
kinetic parameters, the overall model was complex and was computationally 
intensive. Variations in the kinetic parameters to identify the limiting reaction step, as 
shown in Figure 5.7, indicated that some of the kinetic parameters, including the 
reaction constants k, and ký, have less effect or almost no effect on the polarisation 
curve compared to the reaction constants k, and k,. On the basis of this, the reverse 
-- 
-- 
Model B 
J-: 3M, ----: 4Mand : 5m] 
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reaction constants ki and ký, can be assumed to be negligible in comparison to the 
forward reaction constants in Eqs. 5.9 to 5.12 which simplifies Eq 5.14 for the Case A 
model further: 
dO 00 a2FE IF "ýAf 
= k, Chf (I- 
100H, 
PI - Oco -, OA'I"() - k, 0, ýf - 
k2O,, e' 
RT 
.... 5.32 dt 
At steady state: 
= 
k, Cm (I - Oco) OM 
E 
k2e RT + k, C, ýf 
5.33 
In the detailed kinetic model, it was observed that the surface coverage of CO was 
very low and is almost negligible above 0.3 V, Figure 5.6. On this basis, it was 
assumed that, 1-eco= 1. Thus the above equation can be further simplified: 
kjC" O'k, 
(a2FE, ) 
... 5.34 
k2 e RT + kjCAj 
Similarly Eq. 5.15 at steady state can be further simplified: 
dO (2ZLý) ( 
(1-, 04)rE 
) 
r"ýco =k2Oe 
RT 
- 
k4.2oOH, 
RuOcoe 
RT 
... 5.35 dt 
a2FE) 
k4,200H, 
RuOcoe 
RT k201,, e 
RT 
... 5.36 
Substituting Eq 5.36 into Eq 5.25 for Case A model gives: 
0 
... 
5.37 
.. j=n*F*k2 ,, e 
RT 
Substituting, em, from Eq. 5.33 into equation 5.37 and simplifying gives: 
(a2rE kCxf I? T 
... 
5.38 
k2e RT +kCu,, 
Figure 5.12 demonstrates the fit of this simplified three parameter model to the 
experimental data of the cell at 30,60 and 90 'C for varying methanol concentrations. 
From these figures it can be seen that the simplified model also fits the data well and 
explains the dependence of anode polarisation on cell temperature and methanol 
concentration. 
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The model was also fitted to the Tafel plot, shown as insets in Figure 5.12, which 
showed that the model was able to predict the experimental data at the lower end of 
the polarisation curve. The activation energy obtained in this case, by estimating the 
slope of log of cell current density at 0.4 V and the inverse of cell temperature as 
shown in Figure 5.13, was in the range of 44 -46 W mol-1, which was slightly higher 
than the detailed model but still within the acceptable range of 30 to 70 W mol-1 [44, 
119]. 
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Figure 5.13: Arrhenius plot at 0.4 V for 1M and 2M methanol concentrations 
The drawback of the simplified model was that it cannot describe the surface 
coverage of the intermediates involved in the mechanism but on the other hand due 
to the need to estimate only 3 kinetic parameters to fit the anode polarisation it was 
not computationally intensive compared to the previous detailed models. The kinetic 
parameters derived from the simplified model are given in Table 5.3. 
Parametem Fit at 30 cC Fit at 60 OC Fit at 90 OC 
k, 3.28 X 10-7 m S-1 4.09 X 10-7 m s- 1 9.73 X 10-7 m s- 
1 
k, 2X 10-10 Mol M-2S-1 8.82 X 10-9 Mol M-2S-1 1.1 X 10-7 Mol M-2S-I 
Table 5.3: Parameters used in the simplified model 
5.7. Conclusions 
The surface-coverage based detailed kinetic models presented in this chapter 
describe the anode polarisation curve of the DIVIFC. It has been observed that the 
methanol oxidation kinetics depend strongly on cell temperature and methanol 
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concentration. Both models gave similar respits at the lower end of the polarisation %, 
curve as they were based on a similar methanol oxidation kinetic mechanism. The 
resulting surface coverage of all the intermediates (0,,, 01,, 0,,., and 0,,,,. ) from 
the model supported the hypothesis that the Ru sites act as the centre for CO 
oxidation and the Pt sites serve as the centre for the adsorption and dehydrogenation 
of methanol. The proposed surface coverage based modelling approach can also be 
applied to other generally accepted reaction mechanisms for example those 
proposed by Frelink et al., (1996) [1461. In Frelink et al., (1996), the reaction 
mechanism pertaining to the adsorption of the methanol species in reaction 5.10 is 
taken as an equilibrium process. Consequently, one additional kinetic parameter 
(k2) needs to be estimated [38]. 
The surface coverage of all the intermediates reveals that the anode polarises at high 
anode potentials due to the saturation of methanol and/or the coverage of the entire 
catalyst. surface by hydroxyl ions. Surface coverage of methanol and hydroxyl 
depends on the concentration of the methanol and cell temperature. High 
temperatures have a more pronounced effect than lower temperatures on hydroxyl 
adsorption on both the Pt and Ru sites. The model highlights the subtle balance 
between methanol adsorption and the subsequent oxidisation to CO on the dual site 
catalyst and identifies them as the limiting steps rather than the surface oxidation of 
CO to C02- 
Model B provided greater insight than Model A, into the nature of the methanol and 
hydroxyl surface coverage on both catalyst sites but the addition of two kinetic 
parameter resulted in four sets of non-linear equations thereby increasing the 
computational challenges. The use of identical reaction constants for the surface 
reaction in Model B eliminated one of the additional kinetic parameters and hence the 
non-linear equations were solvable. However, in real systems the reaction constants 
will differ depending on the reaction sites. On the other hand, Model A contained six 
kinetic parameters and due to the absence of non-linear equations it was 
computationally more straightforward than Model B. 
The detailed kinetic models, models A and B, can be used to predict the performance 
of the electrode and the behaviour of surface coverage of intermediates as a function 
of cell temperature, anode potential and methanol concentration. However in a 
complete system or stack studies it is not practical to use such detailed models due 
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to the slow computational speed. [100]. For such studies, the simplified three 
parameter model derived from the Gasteiger mechanism can rapidly calculate the 
cell current density for an input of cell potential, cell temperature and methanol 
concentration. Thus this is a significant advantage of this approach. This is 
demonstrated in the next chap ter where the simplified anode model is combined with 
the cathode model to understand the effect of methanol crossover on the overall 
DMFC polarisation characteristics. 
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Chapter 6 
A MODEL FOR THE DIRECT METHANOL 
FUEL CELL 
6.1. Introduction 
The DMFC performance depends on a large number of operating parameters (cell 
temperature, pressure and reactant flow rates), design parameters (gas diffusion 
layer morphology, design of flow field and current collectors) and electrochemical and 
physical parameters (reaction mechanism and MEA formulation). The overall DMFC 
operation is complex as many of these parameters are strongly coupled and inter- 
dependent [6,9,19,32,96) and consequently modelling the cell can be complex. 
One approach is to combine mathematical modelling with a detailed experimental 
modus operandi. The literature review in Section 2.7 described a number of semi- 
empirical models that have been proposed [46,78-80,82,83,88,89,102,104-107, 
153]. For example, a two stage semi-empirical model was proposed to predict the 
cell voltage with respect to the current density response of a DMFC [79,80]. In the 
first stage, an empirical equation similar to Squadrito et al., (1999) [861 was 
proposed. A semi-empirical model was subsequently developed to explain the 
significance of each of the parameter. More specified anode and cathode kinetics 
were given by Tafel equations and methanol oxidation was potentially mass transport 
limited at higher current density [80]. The generalised model proposed to explain the 
polarisation characteristics of the DMFC is given by the following expression [79,80]: 
E,,, j = EL - b,,,, logj - Rj + C, 
'In(I 
- CA 
2.303R T(I+I NRT' I 
where, b,,,, =- C2 = F aa a, a,, F nFkff C,,,, 
C ref E; =E coell - 
RT In Por'f - 
RT In MI., 
acF 
(jocpo) 
a,, F 
( 
j. CANfr 
Ec, 11 is the cell potential (V), Ecoell is the standard cell potential (1.23 V), j is the cell 
current density (A M-2) , 
R, ý is the internal cell resistance (Q M2) and R is the gas 
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constant (8.314 J mol-1 K'). T is cell the temperature (K), F is Faraday's constant 
(96487 As mol-'), a, and ac are the electrochemical transfer coefficients for 
methanol oxidation and oxygen reduction reaction respectively, N is a reaction order 
for methanol oxidation, kff is an effective mass transport coefficient for the anode 
side of the cell (m s-1), CME is the concentration of methanol (M), p, is the oxygen 
partial pressure (N M-2), j,, and j,,, are the exchange current density at the reference 
methanol concentration (crof, ) at the anode and cathode side respectively (A M-2). 
This expression (6.1) has a number of limitations including: 
i) The open circuit potential does not allow for the influence of methanol 
crossover (88], 
ii) The cathode kinetics do not allow for the influence of methanol crossover 
which is a function of current density, 
iii) The anode kinetics is limited by a simple Tafel equation. This does not capture 
the true methanol oxidation behaviour [95], 
iv) The potential mass transport limitations of oxygen reduction are not taken into 
account. 
The objective of this chapter is to develop a new semi-empirical model which 
addresses these issues as well as explaining the DMFC polarisation characteristics; 
taking into account the mixed potential and methanol crossover phenomena. The 
model was developed in two parts. Initially a model of oxygen reduction at the 
cathode was developed prior to a second model that takes into account the oxygen 
reduction in the presence of methanol due to crossover. This combined cathode 
model will provide an insight into the effect of methanol crossover on the cathode 
open circuit voltage and overall cell potential. 
The overall cell output is the combined effect of the anode and cathode polarisation. 
Consequently, the cathode model was combined with the three parameter anode 
model developed in Chapter 5 to describe the DMFC polarisation; taking into account 
the mixed potential and methanol crossover at the cathode with methanol oxidation 
kinetics at the anode. To predict the DMFC characteristic curve with respect to 
methanol concentration across the cell, the methanol concentration profile in both the 
anode and the cathode region is modelled as a function of cell current density, 
temperature and methanol concentration. The models were developed in LabVIEW 
[115] and the parameters were estimated, utilising experimental data from a9 CM2 
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conventional DMFC for various methanol concentrations (0.5,1 and 2 M) and 
temperatures (30,60 and 90 "C) [114) using the test rig and experimental procedure 
described in Section 3.3. 
6.2. Model Formulation 
The net cell voltage of a DMFC (i7c, 11) is the difference between the cell potentials at 
the cathode (i7c,, j,, d, )and anode The electrode potential is a combination of 
the activation overpotential and concentration overpotential for each electrode. When 
the ohmic resistance (Y701,, j, = R, x jc,,, ), which predominantly results from internal cell 
resistance from the polymer electrolyte membrane, is taken into account [89] the 
overall expression is given by: 
17COI = Wathode - 17Anode - 170hmic ... (6.2) 
A model to predict anode polarisation behaviour Whwd, ), was developed in Chapter 5 
and a relationship that describes the ohmic resistance, with respect to a change in 
temperature (ijol,, j, having previously been developed [82]. Hence to explain the 
polarisation behaviour of the DMFC, a cathode model (i7cj,, d, ) is required. The 
underlying assumptions in the cathode and overall cell models are: 
i) the electrodes are at steady state and the fuel cell is operated isothermally with 
negligible pressure differences between various compartments, 
ii) Butler-Volmer kinetics are valid for the charge transfer steps and are adapted 
to describe methanol oxidation, 
iii) the concentration of methanol in the anode feed channel is assumed to be the 
same as the feed concentration. This is based on the fact that the Variation in 
the flow channel methanol concentration, at the anode side, is almost 
negligible, 
iv) water transport through the membrane, at high current density by diffusion is 
considered to be negligible compared to the electro-osmotic drag [83], 
V) only the liquid phase is considered andC02 is assumed to be dissolved in the 
solution, . 
vi) for simplicity, the anode and cathode are treated as one-dimensional 
vii) water vapour pressure is assumed to obey Dalton's and Raoult's laws [154]. 
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6.2.1 Model for Open Circuit Cathode Potential 
A model for the open circuit cathode potential that takes into account the effect of 
methanol crossover on oxygen reduction is first developed. As a first approximation, 
in the absence of a well developed mechanism and suitable parameters for the 
kinetics, it is assumed that the following overall reactions occur simultaneously at the 
cathode in the presence of methanol: 
CH30H + 0.502 --> C02 + 4H+ + 4e- 
02 + 4H' + 4e- -> 2H20 
(6.3) 
(6.4) 
The model uses the Butler-Volmer equation [155], for kinetics for the oxygen 
reduction reaction (Eq. 6.4). It assumes that the cathode is essentially at low 
overpotential and thus uses the Butler-Volmer model for methanol oxidation (Eq. 6.3) 
at the cathode: 
(-na02F(E-Eo-, 
) ii(I-ao2)F(L, -Eoo, ) 
jO. C. thode -*'ý 
j., O 
Po 
e 
RT 
-e 
RT (6.5) TO-', 
If 
I 
... 
Pco, ) 
iAf, 
C. Ihode 7- 
j., 
Al 
Cý ( 
Po 
)0*5 e --e 
RT 
... 
(6.6) 
CAfref POref Pco", f 
1 
where, jo, c,,, hod, and hfCafhode are the current density at the cathode due to oxygen 
reduction and methanol oxidation (A M-2 ) respectively, aAf and a 02 are the 
electrochemical transfer coefficients at cathode due to oxygen reduction and 
methanol oxidation respectively, n is the number of electrons transferred, E is the 
cathode potential (V), E;, and Eý, are the standard potential due to methanol 
oxidation and oxygen reduction reaction (V), Pco 2 
is the partial pressure of carbon 
dioxide formed due to methanol oxidation (N M-2), j,,, o and j,,,,, are the exchange 
current density at the reference methanol concentration (CAf,, f) for the methanol 
oxidation and oxygen reduction reaction respectively (A M-2). 
The total current at the cathode (jc., h, d, ), is the sum of the two partial currents for 
methanol oxidation and oxygen reduction, thus 
iCothodo ý j0, Cothode + 
jAY, 
Calhode (6.7) 
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For the open circuit condition, the current is zero and hence the solution of Eqs 6.5 
and 6.6 is: 
(0)0.5 (. 
Aff(Eý-Eýf 
ýaO2 Aw 
-j, 0( -j,,. O(efrl')+i., Af 
CAflclf ýT'O-'O, 
ýf 
ie... 
(6.8) Po"f -f 
j. 
PC02 
e 
(-(I-aki 
)f(E. _EO, )ýaO2f'lm 
Pco", 
f 
where, EOc is the open circuit cathode potential, i7oc is the cathode over voltage at 
open circuit (i7oc = Eoc - E' ), E&I, is the standard cell potential 
for the DMFC 02 
(Eco, 11 = Eý, - E, ý'f ) and f=F/ RT - 
In Eq. 6.8, if the influence of carbon dioxide (C02) on the right hand side is neglected, 
then on rearrangement, Eq. 6.8 gives: 
0.5 
j. 
'w 
CAf 
ak ff (Fý - E, kf ) 
a02f(Ew-k:. Ojj -Ejj 
... 
(6.9) 
efqý = 
PO 
+e j. 
'O 
TA-f. 
f 
(-FO--) (TOO; 
-) 
C Pol'-'f 
Taking logarithm of both sides and solving gives: 
c1c p .5 00 
f(E, -EOC I, -EA*f jo, 
Af f aAff(Eý-E Af )+a02 0 ... (6.10) Eýc In -e0 
(TPO-011f 
+ 
J. 
'O 
fref 
(- 
Oref 
+ 42 
f 
ýfret 
The above equation relates the open circuit polarisation at the cathode to the 
log of 
methanol concentration at the cathode and is used to calculate the open circuit 
cathode potential. 
6.2.2 Model for Cathode Polarisation 
A model for cathode polarization, taking into account the crossover of methanol to 
the cathode side, is obtained from Eq. 6-8: 
(-aO2f(E-FO 
-a02 f(E-E0O2)] 
j.. O 
Pe 02 
-e(I 
ý0-0"'f 
(6.11) 
05 
cc P 
0 
0 A 
A( 
P0 
0 
e(-Aff(r-rýf)- 
PcO2 
e -(1-aAf)f(E-Eýf + j., AI , 
O"f 
PC02ref 
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Adopting a high field approximation for higher overpotential [155] (i. e. assuming Tafel 
kinetics) Eq. 6.11 reduces to: 
0.5 
P -1102f(E-Eo 02 
e'Aff (F-Eýf) (6.12) -i= jO, O e2 
CA D 
+ jo, Af -0 
I- 
FPOO,, 
f- 
[-ýAftfef ( 
0)2'2ef 
Let the cathode overvoltage polarisation due to methanol crossover (i7p,, ) be 
i1po =E-E ol 
and Eco, 11 = Eý - EZ, 
0.5 
-a02f')PO 02 kff(r)pý+E, ', jj) i=4,0 e+j., Af -. 
ýý022- ea (6.13) 
ýpo-o, 
f 
I [-EcA-f",, 
f 
( 
Po", f 
)I... 
Multiplying both sides by e(-02f'71'0) and further simplifying gives: 
(P)0 .1 I JO) aNfJE, ',,, XY[ 
Z)j 
jxY=j, 
"O 
PO + j, 
"Af 
C', 
( 
P02rc e ... 
(6.14) 
I- 
FO,., f-l ml-lf -f 
j 
where, y= 
The above equation relates the cathode overvoltage polarisation due to methanol 
crossover to the log of methanol concentration at the cathode side of the DMFC and 
is used to model the cathode polarisation in the presence of methanol at the cathode. 
6.2.3 Cathode Model taking into account the Methanol Crossover 
Let the cathode polarisation (77c,,, h , 
), taking into account the methanol crossover 
from the anode to cathode, be given by: 
17Cathode =E- Eý, (6.15) 
The cathode overvoltage polarisation (y7,,,, ) due to methanol crossover is the 
difference between the standard oxidation potential and the cathode potential i. e. 
i7p,, =E- Eý2 ... (6.16) 
Adding and subtracting E,, to the right hand side of Eq. 6.6 and rearranging: 
171'o ": l7caihode + E,,, - Eo 
ý2 
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Finally, from the Eq. 6.17, a cathode polarisation model that takes into effect the 
crossover of methanol from the anode to the cathode is given by: 
lkalhod, = rll,. - E,,, + Eo 
Equation 6.18 is a function of cell current density and methanol concentration at the 
cathode side of the cell. This equation is then used to model the cathode behaviour 
in the presence of methanol at the cathode as a function of cell current density, cell 
temperature and cell voltage. 
6.2.4 Simplified Anode Model 
The Kinetics of the oxygen reduction reaction can be well described by the Tafel 
equation whereas the kinetics of methanol oxidation exhibits non-Tafel behaviour 
[95]. Hence in this work, instead of a Tafel based model, a kinetic based model 
developed in Chapter 5 is used to model the anode polarisation curve. In Appendix 
H, the suitability of the kinetic based anode model over Tafel based anode model is 
shown by comparing the fit of both models to the anode polarisation data. 
The anode model, developed in Chapter 5, for methanol oxidation at the anode of a 
DMFC [38] is given by: 
a2FE k, jAf,, 
4noele =nxFx k2e RT 
CAlf 
(aLE ) 
(k2e RT +kCAf 
(6.19) 
where, j, &f, A,,,, I, 'S the current density at the anode (A M-2 ), k, and 
k2 are the kinetic 
parameters for the methanol oxidation reaction at the anode, CL is the concentration 
of methanol at the anode and a2 is the electrochemical transfer coefficient for the 
methanol oxidation reaction at the anode. 
Rearranging the above equation gives: 
a hf. 
Anodc 
e J? T ... (6.20) 
nl, -kk2C,, - 
jAt,, 
4,,, dk2 
Further simplification by taking logarithm on both sides gives: 
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RT Atiode JAY Anode 0 E= In"JE )-In(l- ,)+ E4, %c, 
a2F ý7 Y7Fk2 YiFkCL 
(6.21) 
Equation 6.21 describes the anode polarisation behaviour as a function of methanol 
concentration at the anode (C, '7, ), cell temperature and anode current 
density (jAf, A,,,, d, ) ' 
6.2.5 Ohmic Resistance 
Recent work by Scott et al., (2006) [82] applied the model given in Eq. 6.1 to 
experimental data and produced a set of electrochemical parameters consistent with 
the individual cell component. Scott et al., (2006) observed that the values of 
resistivity (R,. ) in Eq. 6.1 can be described by the expression: 
R, = R,, exp 
(T 
T,, 
) 
(6.22) 
where, R, = 0.085 x 10-4 f2 M2, is the resistance at temperature, T,, = 383.15 K and 
B= 3724, is a constant. 
Based on the above relationship (Eq. 6.22), in this work, the ohmic resistance 
(i7Oj,,, j, = R, x jc, 11) which is assumed to be mainly due to the internal resistance from 
the Nafion@ membrane, (Eq. 6.2), was modelled. 
6.2.6 Methanol Concentration in Anode and Cathode Region 
The characteristic polarization curve for the cathode and anode, taking into account 
the crossover of methanol, can be obtained fr 
' 
om the analytical solution of Eq. 6.10, 
6.14 and 6.21 respectively. To obtain the current density versus potential response 
from these model equations, the concentration of methanol at the anode (C, ", ) and 
cathode catalyst regions(C,,, ) needs to be estimated. Figure 6.1, describes 
schematically the methanol concentration profile across the cell. The concentration of 
methanol at the anode backing layer is assumed to be the same as the feed 
concentration (CAff ), since the variation of methanol concentration in the anode feed 
channel is assumed to be negligible. In addition, the concentration of methanol at the 
anode and cathode catalyst layer was assumed to be constant [67]. Based on these 
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assumptions, the relationship for the concentration of methanol at the anode and 
cathode catalyst layer is developed in the subsequent sections. 
cl 
V 
AIf 
Cc 
'Al 
6.2.6.1 Methanol Concentration at the Anode Side 
In a DMFC, at the anode side, the total flow (N,, ) is the sum of the methanol (N. ) 
and water flow (NH, O): 
N7, = Nu + 
NH2() (6.23) 
The methanol flux through the diffusion layer is a combination of diffusion (NI), f 0 and 
convection (x, N,. ): 
+x N Nu = Nllff M 7' (6.24) 
Generally a dilute methanol solution is used in a DMFC (i. e. C,, CH. 0), hence the 
local mole fraction of methanol (x,, )can be approximated by: 
xu =- 
CM 
- 
CM 
-18xcm CH20 + CM -C H2() - PH20 ... 
(6.25) 
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Figure 6.1: Methanol concentration profile across the cell 
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The diffusion flux of methanol (NDiff)'S given by Fick's law: 
= -DýI, 
dCm 
... (6.26) 
NDiff eA 
where, D' is the diffusion coefficient of methanol through the diffusion layer (m' s-') DL 
Substituting Eq. 6.25 and 6.26 into Eq. 6.24 gives: 
A dCm 
DD'I, 18CMNT 
- Nýj PH20 
(6.27) 
Integrating Eq. 6.27 with respect to the limits of methanol concentration at the anode 
(C, ', when x= 0) and feed concentration (Cf when x=-1,, ) respectively and solving 
gives: 
CL 
PH20NAf 
18NT 18NT 1, 
In ... 
(6.28) 
CMf p1jONA', p11,0 
DýCL 
18NT 
From this relationship, the anode reaction methanol concentration can be determined 
subject to determining the total water flow (NT) in the anode diffusion layer. 
6.2.6.2 Methanol Concentration at the Cathode Side 
In the cathode side of the DIVIFC, methanol is consumed by the reaction or is lost by 
vaporization (Ný") due to high temperatures at the cathode: 
. -. Nm = 
ju 
+ NÄfP 
4F 
(6.29) 
The methanol is supplied to the cathode from the anode through the membrane by a 
combination of diffusion and electro-osmosis as it is dissolved in water [19,251. Thus 
the methanol flux through the membrane is given by: 
NAf - 'ZA' 
AIf,,,, )dCAf 
FA 
(6.30) 
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where, A,,, is the drag coefficient for methanol obtained from the drag coefficient of 
water (AII, O) using the relationship A,,, = 18AH, OCm / pffo and D,, O,,,, is the diffusion 
coefficient of methanol through membrane (m' s-') 
Substituting the drag coefficient for methanol into Eq. (6.30) gives: 
A=- dC4f 
... (6.31) DL, 18420 jCA1 
PH20F 
Integrating Eq. 6.31 with respect to the limits of methanol concentration at the anode 
(C. "fwhenx=O)and methanol concentration at the cathode (C,, when x=1 
respectively and solving gives: 
CACf - 
pj,, ONuF 
... 
18AI, oj 
=j18-Zj,, O 
1" 
CA11f - 
PH2ONmF PH20F Dtef,,, 
18A, 120j 
_j 
This gives the cathode methanol concentration (Cc, ) as a function of the anode 
methanol concentration (C, ', ) and cell current density(j). The relationship gives the 
cathode concentration which when coupled to the cathode polarization equation 
enables the effect of crossover on the cell to be determined. 
6.2.7 Water Transport, Methanol Flux and Total Flow 
Water transport (NI1, O) and methanol flux (N,,, )at the anode side of the cell are 
crucial for determining the concentration of methanol at the anode and cathode 
sides. 
Methanol Flux(N,, ): 
In a DMFC, the consumption of methanol occurs at both the anode and cathode 
sides of the cell. The consumption of methanol in the cathode is almost complete 
with a small quantity of water and carbon dioxide being released into the cathode 
exhaust stream. As the only source of methanol is from the anode side of the cell, the 
transfer of methanol in the anode diffusion layer must be equal to the net 
consumption of methanol in the cell in addition to any methanol evaporated from the 
-- 
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cathode. In general, methanol consumption in a DMFC is through reaction flux at the 
anode and the consumption of methanol at the cathode, which results in: 
N, fj+m+N; ', 'P ... 
(6.33) 
6F 4F 
To calculate the methanol vapour flux (N,, v, "P), it is assumed that the methanol in the 
air is in equilibrium with the liquid at the cathode, which obeys Dalton's and Raoult's 
laws [154]: 
PAt YAf Pcathode 2ý XAf JYM PH ... 
(6.34) s 
where, p., is the partial pressure of methanol, y,, is the mole fraction of methanol 
vapour in cathode side, P,,,,,,,, d, pressure at the cathode, x,, j is the liquid phase mol 
fraction of methanol, which is a function of the methanol concentration, Y,,, activity 
coefficient of methanol p,,, is the vapour pressure of pure methanol which is a 
function of temperature. 
The rate of methanol vapour removal is then given by: 
5 V, j,. X, &f j YAI PM Uair 
RT AR TA 
N;. p PAI 
membrane 
= 
membrane 
(6.35) 
where, Vair'S volumetric flow rate of air (6.67 X10*6 M3 s-1), Aembrane is the area of 
membrane 9x 10-4 M, 
2 
. Here x,, j, y,, and Pi, are calculated using equations 
developed by Argyropoulos et al., (1999) [154]. 
Water Transport (N,,,, ) : 
In a DMFC, water transport results from three factors, 
i) Water required for the anode reaction, (N, j/ 6F), 
ii) Electro-osmotic water transfer through the membrane with H' ions, 
(N,,,.,, 
g =All, oj 
I F), 
Diffusion across the membrane, which is assumed negligible at high current 
density [83]. 
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In addition to these three factors, water is also formed at the cathode by oxygen 
reduction, N02 
j 
and lost as vapour from the cathode flow channel (Nv" 
( 
1120 
2F) 
H20 
s 
WP = 
(. fH20 
* Oair 
XH20. IYH2OPil2ooair NH20 
RT 
) 
'4njembranc 
'- RTAnienibrone .. (6.36) 
where, x1j, 0,1 is the liquid phase mole fraction which is a function of methanol 
concentration, YH20 is the activity coefficient of water and PHs, O is the vapour pressure 
of pure water which is a function of temperature. The loss of vapour from the cathode 
channel in Eq. 6.36 is calculated by estimating XH,. 0J. Pý*52 Oandr,,, o from the 
equations developed by Argyropoulos et al., (1999) [154). 
This formation and loss of water at the cathode side is difficult to assess fully and 
hence with regard to the total water flow in the anode side of the cell, it is assumed 
that it is the sum of the electro-osmotic drag (Nd,, g), the net water 
formation at the 
anode (N, ) and cathode (Noý ) and that lost by vaporization (N' OP 11,0 H20 
NH20 -ý 
'1112oj 
+ 
(- A+J. 
+N "'P 
nF 2F 6F 
H20 (6.37) 
This enables the total water flow in the anode, Eq. (6.23), to be estimated 
approximately by combining Eq. (6.33) and Eq. (6.35) to (6.37). 
I rap ==NME+Nj, o=zL-f+ 
j 
+NAf,,, +-ý-"O-J- 
j 
+N"P ... 
(6.38) NT 
4F 6F F 3F Il'o 
Combining Eq. 6.38 with Eq. (6.28) and Eq. (6.32) gives the anode and cathode 
methanol concentration as a function of cell current density Q) and temperature. 
6.3. Results and Discussion 
Figure 6.2, illustrates the methanol concentration profile, obtained from Eqs. 6.28 and 
6.32, for both the anode and cathode compartment of the DMFC with respect to the 
cell current density. The base case and operating parameters for estimating the 
methanol concentration profile and overall model is given in Table 6.1. 
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Figure 6.2: Methanol concentration profile at the anode (solid lines) and cathode (dotted lines) 
compartment with respect to cell current density at varying cell temperatures (a) 30 OC, (b) 60 
'C and (c) 90 OC. 
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The crossover of methanol from the anode to the cathode via the solid polymer 
electrolyte membrane takes place due to a combination of methanol diffusion 
(-D, ',,, dC', I dx) and proton drag (jxAA, I nF)[123]. The diffusion of methanol through 
the membrane decreases with an increase in current density as methanol 
concentration in the active anode catalyst layer decreases with an increase in cell 
current density. In contrast, increasing current density results in increased proton 
drag through the membrane [94,123]. The situation of methanol drag is exacerbated 
further by an increase in temperature as the drag coefficient is temperature 
dependent and the diffusivity of methanol in water and the membrane increases with 
temperature. This increasing trend of methanol crossover with an increase in cell 
current density and cell temperature can be seen in Figures 6.2. a, 6.2. b and 6.2. c. 
R, R,, e 
I(B 
M, Scott et al. [82] 
AH2() 
2.5 Ren et al. [63] 
4.9 x 10-6 x exp 243 M2 S-I 
1ý 
Scott et al. [84] 333 T 
.1. (,, 
A4 94.25 x exp 
35570( 1-IA 
M-2 
I 
Wang et al. [102] R 353 T 
j. 0,0 4.22 x 
10-2 x exp 
73200 1 )]A 
M-2 
[ ( 
Parthasarathy et al. [156] R 353 T 
8.7 X 10-5 m2 S-1 Garcia et al. [107] 
PII. o 
-3 998 kg m 
260 X 10-6 m 
AAjenj 9X 10-4 M-2 
Vair 6.67 X10-6 m3 S-1 
200 X 10-6 
1.23 V 
0.02 V 
1.21 V 
Table 6.1: Base case and operating parameters used in the model 
The concentration of methanol also plays a significant role in methanol crossover as 
seen in Figures 6.2. a, 6.2. b and 6.2. c. The availability of methanol at the cathode 
almost doubles with an increase in methanol concentration from 0.5 M to 2M at the 
anode. For a2M concentration, irrespective of cell temperature, there is sufficient 
unused methanol available at the anode catalyst layer, which can crossover to the 
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cathode decreasing cell efficiency due to the mixed potential. Hence to gain the best 
performance and better fuel economy, 0.5 M and 1M are suitable choices. These 
results are in agreement with the results from the parametric study in Chapter 3, 
which showed that a methanol concentration of 1M is suitable for attaining optimum 
DMFC performance. 
The analytical solution of Eq. 6.29, Eq. 6.33 and Eq. 6.37 using LabVIEW [115] gave 
a profile of methanol and water flux with varying current density. The variations in 
water and methanol flux rates with cell current density for varying temperatures and 
methanol concentrations are shown in Figures 6.3. a, 6.3. b and 6.3. c. It is clear from 
Figure 6.3. a that the water flux is higher than the methanol flux at any given current 
density as the aqueous methanol solution used in a DMFC is predominantly water. 
With an increase in current density the methanol flux through anode and membrane 
increases and is higher at higher temperatures and methanol concentrations, as 
shown in Figures 6.3. b and 6.3. c. This is mainly due to an increase in diffusivity of 
methanol in water and the membrane [94]. The electro-osmotic drag becomes 
dominant, with an increase in the cell current density, compared to that due to 
diffusion of methanol through the membrane [81,94]. The dominating influence of 
electro-osmosis can be seen in Figures 6.3. a, 6.3. b and 6.3. c especially at high 
current densities where the* flux increases approximately linearly with an increase in 
cell current density. Thus this overall increase in drag coefficient, due to high 
temperatures, as shown in Figure 6.3. b, results in a higher methanol crossover rate 
across the membrane. The situation is exacerbated even further by the availability of 
additional methanol, as observed in Figure 6.3. c, at the anode when a higher 
concentration of methanol is used [72,94,123]. 
Finally, the cathode polarisation model that takes into account the methanol 
crossover and the anode model were obtained from Eq. 6.18 and 6.21. The output 
from these models along with the ohmic resistance (Eq. 6.22), on substitution in the 
overall cell model, Eq. 6.2, resulted in a complete cell model that accounts for the 
crossover of methanol through the membrane. Figure 6.4 illustrates the fit of the cell 
model to the experimental data from a9 CM2 DMFC at varying temperatures (30,60 
and 90 "C) and methanol concentrations (0.5,1 and 2 M). From Figure 6.4 it can be 
seen that the model predictions agree favourably with the experimental data. In 
particular, the anode model describes the anode polarisation curve accurately. Both 
the experimental data and model plots, Figures 6.4. a, 6.4. b and 6.4. c, show that the 
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anode polarisation curve is particularly sensitive to temperature as compared to the 
cathode polarisation curve. This implies that by increasing the temperature, DMFC 
performance is improved mainly due to the improvement at the anode side [89]. 
Higher temperatures increase the kinetics of methanol oxidation on dual site Pt-Ru 
catalyst. Ru demonstrates increased activity for the methanol oxidation reaction 
principally during the water discharge reaction at high temperatures, due to which an 
overall increase in the methanol oxidation kinetics occurs [44,81,119]. These results 
are in accord with the analysis of the anode limiting current from the parametric study 
in Chapter 3. 
The values of different parameters estimated by fitting the model to the experimental 
data along with the standard values used in the model are given in Table 6.2. The 
temperature dependence of the kinetic parameters can be observed in Table 6.2, 
where the fitted kinetic parameters increase exponentially with an increase in 
temperature in an Arrhenius approximation [29,100,101]. In addition, the model fit in 
Figure 6.4 at different concentration using the fitted kinetic parameters suggests that 
the electrochemical transfer coefficient and the kinetic parameters are effectively 
concentration independent. 
Parameters Fit at 30 OC Fit at 60 OC Fit at 90 OC 
k, 
k2 
8X 10-6 M S-1 
5.3 X 10-7 Mol M-2S-1 
7.15 X 10-5 M S-1 
1.1 X 10-6 Moi M-2S-1 
1.24 X 10-4 M S-1 
1.8 X 10-6 Mol M-2S-1 
a2 0.34 0.48 0.6 
a., 0.42 0.45 0.48 
a ()2 0.9 0.92 0.94 
Table 6.2-. Kinetic parameters estimated from the model 
The cathode open circuit potential (shown by filled markers in Figure 6.4) indicates 
that with an increase in methanol concentration, the cathode open circuit potential 
decreases due to the increase in mixed potential effect caused by an increase in the 
concentration of methanol at cathode [92]. The situation is exacerbated further with 
an increase in temperature as high temperatures favour methanol oxidation at the 
active platinum catalyst site at the cathode catalyst layer. 
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Figure 6.3: Flux across anode and membrane (a) water and methanol flux in a*node region for 
2M concentration at varying temperatures, (b) methanol flux across membrane and anode for 
2M concentration at varying temperatures and (c) methanol flux across membrane and 
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6.4. Conclusions 
A semi empirical, one dimensional, model that takes into account the crossover of 
methanol was developed. The cathode model helped estimate the cathode open 
circuit potential and the cathode polarisation in the presence of methanol at the 
cathode. The model predicted that the cathode open circuit obtained decreased with 
an increase in methanol concentration and cell temperature due to an increase in the 
mixed potential effect. The application of a kinetic approach to model the anode 
polarisation and the estimation of cathode polarisation in the presence of methanol 
crossover gave an acceptable fit of the model to the experimental data, overcoming 
the limitations of previous published work [79,80]. 
The methanol concentration profile across the cell showed that an increase in cell 
current density, methanol feed concentration and cell temperature increases the 
methanol crossover rate. The concentration profile also suggested that a methanol 
concentration above 1M is not suitable for a DMFC since higher crossover rates and 
lower fuel economy materialises. 
The change in water and methanol flux with respect to current density showed that, 
due to the dominance of water in the aqueous methanol feed solution, the water flux 
is higher than the methanol flux. An increase in water and methanol flux with respect 
to current density implies that the electro-osmotic process plays a significant role in 
methanol transfer at higher cell current densities. The solution of the model using 
LabVIEW provided a flexible and interactive approach to algorithmic development, 
which greatly simplified the overall modelling approach. 
Due to the one dimensional approach, the model was limited in terms of computing 
the methanol concentration profile with, respect to the width and height of the 
membrane electrode assembly. Simplification of the reaction mechanism and the 
assumption of a single phase reduced the complexity of the modelling approach. 
However, these parameters should be taken account to improve the model further. In 
addition, for an accurate description of cathode performance, the poisoning- of 
platinum catalyst at the cathode due to the presence of methanol and the hindrance 
of oxygen transport to active cathode catalyst site,. due to excessive water at the 
cathode, should also be taken into account. 
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CONCLUSIONs AND FUTURE WORK 
Conclusions 
The DMFC is a commercially attractive source for power generation with possible 
applications in the field of transport and portable power supply. However, there are 
limitations related to the poor methanol oxidation kinetics and methanol crossover 
restricting its widespread application. The objective of the thesis was to investigate 
these limitations through the application of statistically designed experiments and 
steady state modelling techniques. The following sections summarise the main 
conclusions drawn from the various studies. 
7.1.1 Statistical Design of Experiments 
In Chapter 3, a parametric study based on a fractional factorial (2k-) experimental 
design with the addition of centre points to take account of the variability in the 
experimentation was utilised to investigate the main effects and interactions of six 
operating parameters in 36 experiments. The performance of the DMFC took into 
consideration the anode polarisation and the methanol crossover through the- 
membrane and the traditional measure of peak power response. The analysis 
indicated that the peak power and anode limiting current response increased with an 
increase in temperature but at the cost of high methanol crossover. Further 
examination of the two-way interaction between cell temperature and methanol 
concentration revealed that a combination of low methanol concentration and high 
temperature can balance the negative effect of high temperature and optimise the 
peak power output by taking into account the methanol crossover rate. In addition, 
the interaction of cell temperature with cathode back pressure and type of. oxidant 
indicated that a high cell temperature in combination with oxygen at a high back 
pressure increases the peak power due to an increase in partial pressure of oxygen 
at the cathode and by negating the effect of methanol crossover. Based on these 
outcomes, an optimisation study was performed which gave a peak power 
performance of 105.12 MW CM-2 using oxygen and 69.03 MW CM-2 using air at the 
cathode, by limiting the negative effect of methanol crossover. 
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In Chapter 4, a sequential method of applying response surface methodology (RSM) 
to optimise the membrane electrode assembly (MEA) was demonstrated. The impact 
of catalyst loading, Nafion@ content and PTFE content in the cathode and anode 
catalyst formulation was investigated through a full factorial design and a central 
composite design (CCID). The CCID highlighted the importance of high cathode 
catalyst loading (2 Mg CM-2) on both the peak power and cathode response. 
Moreover it revealed the quadratic behaviour of Nafion@ content in the formulation of 
the catalyst layer and its significance in terms of determining the overall peak power 
and cathode output. The CCID analysis suggested than an optimum Nafione loading 
of 20 to 30 %. wt in combination with a high catalyst loading (2 mg CM-2) will result in 
the highest peak power and cathode output. In addition, the analysis also showed the 
negative effect of adding PTFE to the cathode catalyst layer and thus suggested its 
omission from the formulation of the cathode catalyst layer. 
In contrast, the analysis of the anode response showed a positive effect of adding 
PTFE to the formulation of the anode catalyst layer. The analysis suggested that the 
addition of PTFE (10 - 20 %. wt), due to its hydrophobic characteristics, promotes the 
flow of gas and liquid to and from the active anode catalyst site thereby achieving the 
highest anode response. However in the absence of PTFE, in the anode catalyst 
layer formulation, the influence of Nafion@ loading plays a dominating role in 
increasing anode performance. The two-way interaction between catalyst loading 
and Nafion@ loading showed that the continuous network for proton conductivity is 
essential for the effective utilisation of the anode catalyst. Consequently a 
combination of high catalyst loading with high Nafion@ loading results in a higher 
anode response in the absence of PTFE. 
7.1.2 Semi Empirical Modelling 
The dependence of the performance of the DMFC on catalyst loading and methanol 
crossover lead to an in-depth analysis of the methanol oxidation reaction on the dual 
site Pt-Ru catalyst and the development of a cell model that took into account 
methanol crossover. 
Detailed kinetic models based on the well establi§hed dual site Gasteiger mechanism 
[119] were proposed in Chapter 5. The goal was to predict the performance of the 
electrode and the behaviour of the surface coverage of intermediates as a function of 
cell temperature, anode potential and. methanol concentration. The models supported 
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the hypothesis that the Pt sites act as centres for the adsorption and 
dehydrogenation of methanol whilst the Ru sites act as a centre for CO oxidation. 
The resulting surface coverage of intermediate species from the detailed kinetic 
modelling approaches (Case A and Case B models in section 5.4.1 and 5.4.3 
respectively) suggested that the anode polarises at a high potential due to the 
saturation of the methanol and/or the coverage of the catalyst site by hydroxyl ions. 
In addition, a curving back phenomenon in the anode polarisation was observed 
when the surface coverage of hydroxyl ions on the Pt site, for one of the modelling 
approaches (Case B model in section 5.4.3), was assumed to be similar to that of the 
Ru catalyst site. This curving back phenomenon suggested that the formation of 
hydroxyl ions at high potentials blocks the further adsorption of methanol on the Pt 
catalyst site leading to anode polarisation. By varying the reaction rate constants, the 
detailed kinetic models identified the adsorption of methanol and subsequent 
oxidisation to CO on the dual site catalyst site as the limiting step. The need for real 
time responses necessitated the development of simplified three parameter kinetic 
model (section 5.6) based on the output of the detailed models. This model can be 
readily applied to a complete system or a stack system. 
To understand the effect of mixed potential at the cathode due to the crossover of 
methanol through the membrane, a model to predict cell performance as a function of 
cell current density, temperature and concentration was proposed in Chapter 6. The 
model helped estimate the cathode open circuit potential by taking into account the 
methanol crossover and the results indicated that it decreases with an increase in 
cell temperature and methanol concentration. Comparison of the anode and the 
cathode polarisation models revealed that an increase in temperature mainly 
increases the anode cell polarisation compared to the cathode polarisation due to the 
enhanced kinetics of methanol oxidation on the dual site Pt-Ru catalyst. 
The methanol concentration profile from the modelling approach supported the 
results from the parametric study. It illustrated that an increase in the cell current 
density, methanol feed concentration and the cell temperature increases the 
methanol crossover rate due to which a methanol concentration above 1M is not a 
suitable choice for the DMFC. The application of the kinetic model for the modelling 
of the anode polarisation as opposed to the Tafel equation, whilst estimating the 
cathode open circuit potential and polarisation in the presence of methanol 
crossover, gave an acceptable fit with experimental data. 
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The models were developed using, LabVIEW [115]. Due to its dataflow modelling 
structure, the models were straight forward to develop and can be easily associated 
with LabVIEW test station or controllers for control applications and real time 
simulation. 
7.2. Future Work 
In this thesis, the application of experimental design and modelling has been adopted 
to better understand the phenomena occurring within the DMFC. The results from the 
statistical analysis showed that the interaction between various electrochemical, 
design and operating parameters hold the key to optimising the performance of the 
DMFC by taking into account the negative effect of crossover. In addition, the 
outcome from the modelling approach identified the significance of various reaction 
intermediates, kinetic mechanisms and the effect of mixed potential on the overall 
performance of the DMFC. However, there are still issues related to overall DMFC 
performance, which need further in-depth investigation. To address this further, the 
following research is proposed. 
7.2.1 Statistical Design of Experiments 
A general rule in experimental design is to ensure that the factor levels are 
sufficiently far apart to allow the effect to be observed 1113]. However, the levels 
should be within the boundaries that are achievable in full scale operation. In 
addition, by improving the accuracy of the measurement, the ability of the 
experimental design to detect an effect and interaction can be increased [112]. 
Hence in future experimental design, an optimum setting for the operating 
parameters should be investigated by taking into account a range of reactant flow 
rates and using precise measurements of methanol crossover, such as measuring 
the carbon dioxide concentration at the cathode exit [157,158]. 
In Chapter 4, the objective was to demonstrate the application of RSM. Three factors, 
catalyst loading, Nafion@ content and PTFE content were selected on the basis of a 
literature review and their significance in terms of the membrane electrode assembly 
(MEA) fabrication. However, in future a screening experimental design should be 
investigated where factors such as supported or unsupported catalyst layer, metals 
loading, type of solvent, etc are induced to identify the key factors and interactions 
impacting the MEA fabrication. 
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Analysis of the statistical design for catalyst layer optimisation showed that the 
addition of PTFE is beneficial for anode catalyst formulation whereas it is ineffective 
for cathode catalyst layer formulation. In this study, the anode and cathode catalyst 
formulation were varied simultaneously. However, there may be an interaction 
between the anode and cathode response as the measurement sytem and overall 
reaction mechanisms are interrelated. Hence to identify an independent recipe for the 
cathode and anode catalyst layer, it is proposed to apply RSM by fixing the catalyst 
layer formulation of one electrode and changing the formulation for the other 
electrode according to the design. The use of RSM can also be applied in optimising 
individual single electrode behaviour in alternative studies focused on the interaction 
of the electrode layer with the ionomer membrane. 
The MEA is the heart of the DMFC. To further optimise its performance, the gas 
diffusion layer (GDL) and the micro-porous layer (MPL) which control the ingress of 
liquid and gas to and from the active catalyst site should be optimised. A number of 
factors affect th*e GDL and MPL composition and thus have a significant influence on 
the overall performance of the DMFC. These factors include the type of gas diffusion 
layer (carbon cloth or carbon paper), carbon material (Ketjen Black, Vulcan XC-72 or 
Acetylene Black), loading of the carbon (1 to 5 mg CM-2) , addition of 
PTFE (0 to 
40%), and deposition method (tape casting, screen painting or spraying). To date 
there has been no published study which systematically optimises the formulation of 
the GDL and MPL whilst taking into account the variability associated with the 
experiment [6]. The systematic application of experimental design can be used to 
screen and optimise the important factors affecting GDL and MPL formulation so that 
maximum catalyst utilisation can be achieved and the performance of the DMFC 
further improved. 
Finally as shown in Figure 7.1, the performance of the DMFC depends on various 
electrochemical, design and operating parameters which in turn depend on other key 
factors. The sheer number of permutations for identifying the critical interactions due 
to the number of factors involved is not possible to achieve with a one-factor-at-a- 
time study. The detection of these key interactions utilising a reduced number of 
experimental runs through the application of experimental design, as shown in 
Chapter 3 and 4, is the way to further increase the performance of the DMFC. 
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Figure 7.1: Factors affecting the performance of the DMFC 
7.2.2 Semi Empirical Modelling 
The models presented in this thesis are reduced one-dimensional models, which are 
valid for the activation controlled and ohmic regions of the DIVIFC polarisation curve. 
These can be extended or adapted to different DIVIFC designs. During the anode 
modelling simulation, it was observed that by varying the kinetic rate constants the 
surface coverage of the intermediates species can be manipulated while still 
obtaining a reasonable fit to the anode polarisation curve. Hence in future, to further 
validate the kinetic constants and the modelled coverage at particular operating 
conditions, the behaviour of the intermediate species with respect to temperature, 
concentration and potential should be estimated through the approach of modern 
spectroscopic tools such as Fourier Transform Infra-red Spectroscopy (FTIR) [120, 
150] and corroborated with the model. Further refinement of the anode models can 
be achieved by adding more realistic conditions to the original reaction expressions. 
This could include the non-ideal distribution of the platinum and ruthenium, which 
would influence the impact of the reaction constants (k3 and k4) and the addition of 
rate expressions for the significantly more complex and stable intermediates. 
Similar to the anode model, instead of the Butler-Volmer equation a detailed kinetic 
model for the cathode that takes taking into account the presence of methanol on the 
cathode platinum catalyst site should be developed to improve the cathode 
polarisation model. The inactivity of the platinum catalyst due to adsorbed 
intermediates and the hindrance of oxygen transport to the active cathode catalyst 
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site due to excessive water at the cathode with an increase in current density should 
also be taken into consideration. Additionally, the two-phase flows occurring in the 
anode and cathode of the DMFC should be combined with the multi-step kinetic 
model to accurately model the anode and cathode polarisation characteristics. 
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APPENDIX 
A. Durability Test 
The stability of the DMFC was tested by monitoring the change in cell voltage with 
working time during galvanostatic operation, Figure A. 1, at loads ranging from 11 to 
194.4 mA CM-2 at 90 'C for a duration of approximately 145 hrs using 1M methanol 
at the anode (5 ml min-) and oxygen at the cathode (400 ml min-'). As observed from 
Figure A. 1, an open circuit voltage of 623 mV at zero cell current density was 
0 btained during galvanostatic operation and as expected the cell voltage decreased 
with an increase in cell current density. 
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Figure A. 1: Durability test at 90 OC under varying load conditions using 1M methanol at the 
anode (5 ml min-) and oxygen at the cathode (400 ml min-) 
Similar test results were obtained during potentiostatic operation, Figure A. 2, where 
the current density was monitored and the cell voltage was increased from 100 to 
500 mV for duration of approximately 60 hrs. Potentiostatic operation also showed 
that with an increase in cell voltage there was a decrease in cell current density. Both 
durability tests, Figures A. 1 and A. 2, also showed that DMFC performance was 
relatively stable. The only fluctuation in cell output was when a change in current 
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density or cell voltage was introduced. Performance started to deteriorate when the 
cell was operated above 167 mA CM-2 or above 200 mV for both the stability studies. 
This deterioration in performance can be attributed primarily to mass transport 
limitation in the DMFC. At high loads, the cell generates more carbon dioxide which 
generally blocks access of the fresh methanol to the reactive catalyst site resulting in 
a decrease in performance. Hence DMFCs are generally not operated near the mass 
transport limitation region [10]. 
300 
250 
"' E 200 
E 
150 
100 
50 
0 
500 mv 400 mV 300 mV 200 MV 100 mv 
05 10 15 20 25 30 35 40 45 50 55 60 65 
Time (hrs) 
Figure A. 2: Durability test at 90 OC under varying cell voltage using IM methanol at the anode 
(5 ml min-) and oxygen at the cathode (400 ml min-) 
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B. Parameter Estimation of the DMFC Polarisation Curve 
The aim of this work was to estimate different parameters for the model proposed by 
Scott et al., (2002) [79] and identify limitations with respect to predicting the DMFC 
polarisation curve. The research also illustrates the application of non-linear 
regression technique for parameter estimation using the GraphPad software [159]. 
B. I. DMFC Data 
The polarisation curve shown in Figure B. 1, is based on data from a DMFC operating 
at various concentrations and temperatures [79]. In this study, data generated at 0.25 
M and 0.5 M concentration of methanol solution supplied at a rate of 1.12 cm' min-' 
with air fed cathode pressurised at 2 bars was utilised. The cell temperature was 
varied between 343.15 K and 363.15 K. 
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Figure B. 1: Polarisation curve from Scott et al., (2002) [79] 
The model proposed by Scott et al., (2002), Eq. B. 1, was fitted to this data: 
E,,,, = E,, -b log(i) - R, i + C, * In(I - C2) (B. 1) 
where, 
E,, = E,. +b log(ij 
Ec, 11 is the cell voltage (V), E, is the reversible cell potential (V), b is the Tafel slope 
(V dec-'), i is the cell current density (A CM-2), i(, is the exchange current density (A 
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CM, 2) 
, R, is the cell resistance 
(DCM-2) and C,, C2 are the empirical parameters in 
(V) and (CM-2 A-) respectively. All these parameters were determined using 
GraphPad software [159]. 
B. 2. Parameter Estimation using Nonlinear Regression 
For this study, GraphPad software (Demo version) was utilised. It fits a curve to the 
data and then identifies the best estimates of the parameters using non-linear 
regression. Typically non-linear regression adapts the following steps [160]: 
a. Provide an initial estimate for each parameter. 
b. Generate the model fit defined by the initial values. 
c. Calculate the sum of squares. 
d. Adjust the parameters to improve the fit. A number of algorithms can be used 
including Steepest Descent, Gauss-Newton or Levenberg-Marquardt. 
e. Calculate the sum of squares. If a further reduction in the sum of squares 
between the initial model fit and the adjusted model fit is required then go to 
step d. 
f. If a further reduction in the sum of squares cannot be achieved then stop and 
report the best fit result. 
B. 3. Parameter Estimation and Limitation of Scotts Model 
Table B. 1 reports the value of the parameters for the Scott et al., (2002) model 
equations using nonlinear regression. The results in Table B. 1 were in agreement 
with the published results [791. 
Concentration Temperature E, B Re C, C2 
1. .1 r- -- 
2, rý ý --2 -1, 
0.5 363.15 0.400 0.1250 0.02248 0.120 4.750 
0.25 363.15 0.4058 0.1250 0.02187 0.073 10.60 
0.25 343.15 0.3600 0.1177 0.1267 0.057 20-82 
Table B. 1: Estimation of the parameters for Scott et al., (2002) model 
However the model fit, shown in Figure B. 2, highlighted one of the issues with Scott 
et al., (2002) model fit. For zero current density, the model failed to fit the open circuit 
voltage (Figure B. 2). Additionally, due to the high values of the open circuit voltage 
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predicted by the model (shown by the red square in Figure B. 2) it did not fit the 
activation area of the cell polarisation curve. 
Mathematical defect in Scott model 
k,,, = E,, -b log(i) - Rj + C, * In(] - C, i) 
a 0. 
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Figure B. 2: Model vs. experimental fit for Scott et al., (2002) model (red squares illustrates the 
limitation of the model in fitting the activation region of the cell polarisation curve) 
In Scott et al., (2002) Eq. B. 1, the first and second term account for the activation and 
ohmic overvoltage from the cell respectively. The last term in Eq. B. 1 relates to mass 
transport limitation. The model did not account for the methanol crossover effect, 
which has been shown to affect cell performance. This mathematical limitation was 
later addressed by Hwan Kim et al., (2005) [88] by adding a methanol crossover 
parameter term to Scott et al., (2002) proposed model. However the model proposed 
by Hwan Kim et al., (2005) failed to explain the physical significance of the 
parameters included in the equation. To address this, and to overcome the limitation 
of Scott et al., (2002) a model for DMFC that takes into account the methanol 
crossover effect is proposed, Chapter 6. 
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C. Response obtained for the Parametric Fractional Factorial Design 
Standard 
Runs 
Randomised 
Runs 
Response 1 Peak Response 2 Anode Limiting 
Power (mW CM-2) Current (mA CM-2) 
Response 3 Methanol 
Crossover Current (mA CM-2) 
1 23 52.8 778.95 167.02 
2 34 44.37 715.55 256.18 
3 32 28.98 776.27 185.54 
4 11 26.08 636.45 257.89 
5 15 16.68 546.54 283.48 
6 22 32.94 569.76 275.78 
7 6 8.16 710.22 359.6 
8 27 44.34 892.85 429.83 
9 13 32.94 803.62 408.31 
10 17 81.94 763.55 172.41 
11 10 15.64 524.42 265.97 
12 5 50.62 1037.85 395.81 
13 4 25.18 655.93 264.34 
14 7 22.18 502.56 276.58 
15 12 46.1 449.55 96.29 
16 31 41.45 455.29 98.13 
17 21 26.84 438.82 99.3 
18 2 51.89 862.53 161.28 
19 33 29.26 592.77 283.77 
20 1 15.21 475.55 98.27 
21 29 42.09 452.39 103 
22 25 22.07 460.79 100.55 
23 26 18.78 603.99 281.47 
24 16 11.63 766.78 405.63 
25 8 34.33 418.11 96.63 
26 18 69.74 689.7 156.75 
27 28 30.52 739.33 174.61 
28 30 52.39 773.51 167.95 
29 14 55.78 451.21 180.08 
30 9 24.99 786.46 404.78 
31 20 28.24 784.82 376.56 
32 35 51.13 729.62 262.82 
33 36 54.82 868.9 417.59 
34 24 28.07 684.24 257.56 
35 3 25.15 663.98 240.6 
36 19 26.27 426.78 93.94 
Table CA: Response data for the parametric study design matrix given in Table 3.2 
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D. Analysis of Variance Table 
A detailed description of the statistics [112,113] used in the analysis of variance 
(ANOVA) table, Table DA has been presented below. 
Response: Peak Power 
ANOVA for Selected Factorial Model 
Analysis of variance table [Partial sum of squares] 
Sum of Mean F 
Source Squares DF Square Value Prob >F Comment 
Model' 9185.11 7 1312.16 71.36 < 0.0001 .... Significant 
A2 1794.15 1 1794.15 97.57 <0.0001 .... Significant 
B2 1753.06 1 1753.06 95.34 < 0.0001 .... Significant 
E2 1048.71 1 1048.71 57.03 < 0.0001 .... Significant 
F2 3570.86 1 3570.86 194.20 < 0.0001 .... Significant 
AB 2 310.94 1 310.94 16.91 0.0003 .... Significant 
AE 2 445.59 1 445.59 24.23 < 0.0001 .... Significant 
AF 2 261.80 1 261.80 14.24 0.0008 .... Significant 
Curvature 3 20.72 1 20.72 1.13 0.2978 .... not significant 
Residua 14 496.46 27 18.39 
Lack of Fit5 471.63 25 18.87 1.52 0.4734 not significant 
Pure Errorý 24.83 2 12.41 
Cor Total 7 9702.29 35 
Std. Dev. 814.2 R-Squared' 0.95::: 
] 
I mean' 1 35. Adj R-Squared6 4 0.94 
Final Equation in Terms of Coded Factors: 9 
Peak Power = +35.00 +7.49*A -7.40*13 +5.72*E +9.96*F -3.12*A*B +3.73*A*E +2.86*A*F 
Final Equation in Terms of Actual Factors: 9 
Type of Oxidant (AIR): 
Peak Power =+ 24.33212 - 0.022188 *A+8.18437* B- 258,66250*E - 0. 20781 *AB + 4.97542*AE 
Type of Oxidant (OXYGEN): 
Peak Power =+ 15.64788 + 0,35919*A + 8.118437*13 - 258.66250*E - 0.20781*AB + 4.97542*AE 
Table D. 1: ANOVA output for peak power response 
The ANOVA table shows seven columns [113,117]. The first column shows the 
'Source' of variability in the analysis. The second column shows the estimated 'Sum 
of Squares' due to each source. The third column identifies the 'Degrees of Freedom' 
associated with each source in the ANOVA. The fourth column represents the 'Mean 
Square' for each source which is estimated by taking the ratio of sum of squares to 
degrees of freedom. The 'Fisher statistics' (F-statistics) which is the ratio of mean 
squares of each source to mean square of residual is estimated in the fifth column, 
with the resulting 'P-value' for the F-statistics shown in the sixth column (Prob>F). 
The resulting p-value from F-statistics is compared with the chosen significance level 
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(a) and if the value is less than chosen significance level then the source of the 
variability is considered significant as shown in column 7. The significance level 
(a)refers to the probability of making Type-I error (i. e. rejecting null hypothesis 
when it is true). Generally smaller value (a =0.05) is assigned so that there is low risk 
associated with the rejection of the null hypothesis. 
Following is the detail description of the sources of variability and the associated 
statistics. 
1. Model: 
The model consists of terms (factors and interactions) identified from the ANOVA 
analysis and half normal plot to infer the response. 
a Sum of Squares (SSm, dj): Total sum of squares of all terms included in the 
model. For peak power: 
SSIfodel :- SSA + SSB + SSE + SSF + SSAB + SSAI + SSAF 
m DFMOdel: The model degrees of freedom is the number of parameters 
estimated minus one. 
0 Mean Square: It is an estimate of model variance and is calculated using: 
MS -, 
SSA(mkl 
model ': 
DF ,, fodel 
w F-Vallue: It is ratio of model variance to residual variance. It is estimated by: 
F-v- alucAfd. 1 ý- 
MsAf(k/Cl 
MSResidual 
Prob > F: It is the probability of observing the F-value if the null hypothesis is 
true. Cýnventionally, the null hypothesis states that the model is insignificant. 
Depending on the chosen significance level (generally a =0.05) the critical F- 
value used in the test is obtained from the F-distribution table using: 
7; ' 
crilical 
= Fa(DFDF) 
where, a is the significance level i. e. the Type- I error. If the Prob>F value is 
less than the chosen significance level (0.05) then the model is considered 
significant i. e. the null hypothesis can be rejected 
2. Term: 
It's possible to accidentally include an insignificant term (effect and interaction) in the 
model. Hence to cross verify this individual model term (effect and interaction) are 
checked for its adequacy in the model. 
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3. Curvature: 
In 2-level factorial design, curvature is used to. test the presence of non-linearity in 
the response by comparing the average response of the factorial points to the 
average response of the centre points. 
4. Residual: 
The insignificant effects and interaction not included in the model are used to 
estimate the residual error associated with model. 
S. Lack of Fit (LOF): 
The lack of fit test is used to compare the error from the excess design points (i. e. 
insignificant effects and interaction not included in the model) with the pure error from 
the replicates. 
6. Pure Error: 
It is the amount of variation in response identified from the replicated design points. 
7. Cor Total: 
It is the sum of all information corrected for the mean. 
8. Summary statistics for the model: 
Std Dev: Calculated by taking square root of the residual mean square. 
Mean: It is an overall average of the response data. 
m R-Squared: It is a measure of the amount of variation about the mean 
explained by the model. 
R- Square =I 
ssexid-l 
R-square does not take into account the number of terms included in the 
model hence it is not an accurate estimate compared to Adjusted R-square. 
Adj R-Squared: It is a measure of the amount of variation about the mean 
explained by the model taking into account the number of terms included in 
the model. Higher the Adj-R-square better is the fit of the model. 
11 SSResidol 
Adj R- Square =I- 
Dr4R.., 
ih,,, 
SSAfmlel + SSResidual 
DFfýkj + DFResidual 
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9. Model 
The model is a mathematical equation -developed by using regression method to 
predict the response. The predictive model is presented both in coded (+1,0 and -1 
for low, centre and high level) and actual (e. g. 30,75 and 90 'C) terms, Table D. 1. 
The analysis of design is based on coded factors instead of the specified actual 
levels, as coding of the factors allows the calculations to be performed independent 
of the units for each factor. The coded predictive model helps in identifying the 
relative significance of the factors by comparing the factor coefficients whereas with 
actual model comparison cannot be made as the coefficients are scaled to 
accommodate the units of each factor. However, on substitution of factor levels 
(coded or actual) both the equation gives the same predictions. 
The relation between actual level and coded level is: 
Actual - 
Aclual,,,,, + Aclual,,, 
Coded -- 
2 
Actuallfth- Actual, 
2. 
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E. Least Significant Difference I-bar 
The least significance difference I-bar makes use of least significance difference 
(LSD) test statistics for comparing two means[112,113]. The. general statistics 
applied is: 
LSD tx MSr, + a 
2 ?? j k-I ... 
(E. 1) 
where, k is the number of treatments, n is the number of sample size for a given 
treatment j, t-value is based on a default risk level of 0.05 for a two-tailed test with the 
degrees of freedom associated with residu al error in the ANOVA table and MSE is the 
residual mean square error. 
The LSD I-bar resulting from this statistics represents the 95% confidence interval for 
that particular average value. If these LSD 1-bar do not overlap, then the means are 
significantly different. 
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F. Effects of Reactant Flow Rates on the Performance of DMFC 
The experimental design in Table 3.2 could not identify any significant effect of 
methanol flow rate and oxidant flow rate on the performance of the DMFC. This was 
due to the narrow range considered for both factors. For methanol flow rate, the 
range considered was 3.4 to 6.6 ml min-' whilst for oxidant flow rate it was 300 to 500 
ml min-'. Figures F. 1 and F. 2 illustrates the effect of a wider rage of oxidant flow rate 
and methanol flow rate on DMFC performance. From both figures, it can be 
concluded that a change in performance is visible due to the wider range. 
In Figure F. 1, DMFC performance increases with an increase in oxidant flow rate as 
a higher oxygen flow rate increases the concentration of oxygen at the cathode 
catalyst layer due to an elevated supply of oxygen. In addition, a high flow rate plays 
a critical role in removing water from the gas diffusion layer and flow channels thus 
avoiding flooding of the cathode compartment which in turn impacts on DMFC 
performance [33]. However, from Figure F. 1, it can be observed that a 10 fold 
increase in oxidant flow rate from 200 to 2000 ml min-' resulted in only a 10-15% 
increase in peak power density. Thus this excess supply of oxidant will have a 
negative impact on overall system efficiency and will not be practical in commercial 
application. 
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Figure F. 1: Effect of wide range of oxidant flow rate on DMFC performance at cell 
temperature of 90 OC, 1M methanol at 5 ml min-', using oxygen with 0.2 MPa back pressure 
and flow rate of 200,1200 and 2000 ml min-'. 
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The effect of a wider range of methanol flow rate on DMFC performance is shown in 
Figure F. 2. The plot shows that DMFC performance increases with an increase in 
methanol flow rate i. e. from 1.27 to 9.7 ml min-'. High flow rates of methanol results 
in a more uniform stream of smaller slugs and bubbles due to less surface tension at 
the anode catalyst layer which in turn increases the cell performance [24,31]. In 
addition, an increase in methanol flow rate also provides the anode catalyst with 
enough fuel, which improves the reaction. However this improvement is as not 
significant compared to the increase in the flow rate as this increase in the flow rate 
leads to lower fuel utilisation at anode lowering the overall fuel cell efficiency [33, 
157]. Hence a balance between the methanol flow rate and its effective utilisation at 
the anode requires to be sought. 
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Figure F. 2: Effect of wide range of methanol flow rate on DMFC performance at cell 
temperature of 90 OC, oxygen at 400 ml min-' with 0.2 MPa back pressure using 1M methanol 
at 1.27 and 9.7ml min-' flow rate. 
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Appendix / 
H. Kinetic Based Anode Model versus Tafel Model 
The overall methanol oxidation reaction at the anode is given by: 
CH30H + H20 C02 + 6H+ + 6e- ... 
(H. 1) 
Using Butler-Volmer equation, the kinetics of methanol oxidation reaction is given by: 
Ca -LAf) -n(I-aAf)F(E-EAf) 
Af 
(naAfF(E 
jAnode j"'Af F. 7e 
RT 
PC02 
e 
RT 
... (H. 2) 
Afre: f 
PC02ref 
where, j, 4,,,, d, is the anode current density due to methanol oxidation reaction 
(A M-2), 
a., is the electrochemical transfer coefficients, n is number of electrons transferred, 
CL is the concentration of methanol at anode (M), E is the anode potential (V), E, ', is 
the standard methanol oxidation potential (V), PC02 is the partial pressure of carbon 
dioxide formed due to methanol oxidation reaction (N M-2) and j,,,, is the exchange 
current density at the reference methanol concentration (CAf,, f) for the methanol 
oxidation reaction (A M-2). 
At high potentials, for a simple one electron process [155], Eq. H. 2, reduces to: 
Ca aAII 
'(E - E, Af 
4f 
(- 
RT 
:f 
jAnode 
-ý 
jo, 
Af CAfre 
e (H. 3) 
The above Tafel type kinetic equation can be used to model the anode polarisation 
curve. Figure H. 1, illustrates the fit of the model to the experimental anode 
polarisation data for varying methanol concentrations (1 and 2 M) and cell 
temperatures (30,60 and 90 'C) [114). To highlight the fit of the model at the lower 
end of the polarisation curve, a plot of log current: density with respect to the anode 
potential is shown in Figure H. 2. From both plots it can be observed that the Tafel 
based model fits the experimental data well at the lower end of the polarisation curve 
however it fails to predict the anode polarisation data above 0.4 V as the kinetics of 
methanol oxidation exhibits non-Tafel behaviour [95]. The parameters obtained from 
fitting the model to the experimental data are summarised in Table H. 1. 
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To overcome the limitation of simple Tafel model, the kinetic based model developed 
in Chapter 5 is used to model the anode polarisation curve. More specifically the 
anode model for methanol oxidation at anode of DMFC is given by: 
a2l"' 
kjC"' jAnode =nxFx k2e 
RT 
k2e RT + kjC"' 
(H. 3) 
where, is the current density at anode (A M-2) , k, and k2 are the kinetic 
parameters for the methanol oxidation reaction at anode, C,, is the concentration of 
methanol at the anode and a2 is the electrochemical transfer coefficient for the 
methanol oxidation reaction at anode. 
Figure H. 3 and H. 4, illustrates the fit of the kinetic model to the experimental anode 
polarisation data for varying methanol concentrations (1 and 2 M) and cell 
temperatures (30,60 and 90 OC) and the parameters obtained by fiffing the model to 
the experimental data are summarised in Table H. 1. Compared to Tafel model, it can 
be observed that the kinetic model predicts the anode polarisation curve over the 
entire range. The three parameters included in the kinetic model a2, k, and k, affect 
the lower, top and middle portion of the anode polarisation curve respectively, as 
observed in Figure 5.7, and thus help to model the entire anode polarisation curve 
accurately. In contrast, the Tafel based model contains only one parameter(aAf), 
which helps to model mainly the lower end (below 0.4 V) of the polarisation curve. 
Parameters Fit at 30 OC Fit at 60 OC Fit at 90 OC 
a., 0.61 0.66 0.70 
k, 8X 10-6 M S-1 7.15 X 10-5 M S-1 1.24 X 10-5 M S-1 
k, 5.3 X 10-7 Mol M-2S-1 1.1 X 10-6 Mol M-2S-1 1.8 X 10-6 Mol M-2S-1 
a2 0.34 0.48 0.6 
Table H. 1: Kinetic parameters estimated from the model 
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1. Raw Material Specification 
Raw Material Specification Manufacturer Batch No. 
Pt-Ru/C catalyst (60 %wt) 1: 1 a/o on Vulcan 
E-TEK Lot# D1260912 
XC-72R 
Pt/C Catalyst on Vulcan XC-72R E-TEK Lot# B0660604 
Nafion@ perfuorinated ion-exchange resin, 
Lot # 07416HD 
5 wt% solution in lower aliphatic AldrichOD 
alcohols/H20 Mix 
NafionO 117 perfluorinated membrane Aldrich@ 
Polytetrafluoroethylene, 60 wt. % dispersion 
Aldrich@ Lot # 077208PA 
in water 
Ketjen Black Carbon Powder Cabot Lot # 032215CB 
Carbon paper 20% wet proof TGP-120 Aldrich@ 
Methanol (purity 99.9%) Aldrich@ 
Isopropyl Alcohol (purity 99.9%) Aldrich@ 
Flexible electric heaters Watson Marlow 
Graphite Fuel Cell assembly with seven 
Ralph Coiden 
parallel channels (30mm x1 mM x 2mm) 
Spray Gun A4309 Airbrush Sets Aztek 
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